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I. REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the parent application, U.S. Patent Application Serial No. 09/665,350 recorded 
July 9, 2001, at Reel 01 1964 and Frame 0181. 

IL RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to a polypeptide referred to 
herein as "PR0187." There exists a related patent application, U.S. Patent Application Serial 
No. 09/906,838, filed July 16, 2001 (containing claims directed to nucleic acids encoding 
PRO 1 87 polypeptides) that is allowed and for which, the issue fee was paid on December 9, 
2005. In addition, there are two related pending applications that rely on "Assay 9: inhibition of 
endothelial cell proliferation for patentable utility; they are: U.S. Patent Application Serial No. 
1 1/050,559 filed February 2, 2005 (containing claims directed to nucleic acids encoding PR0187 
polypeptides) and U.S. Patent Application Serial No. 1 1/050,154 filed February 2, 2005 
(containing claims directed to PRO 187 polypeptides). 

III. STATUS OF CLAIMS 

Claims 39-46 and 49-51 are in this application. 
Claims 1-38 and 47-48 have been canceled. 

Claims 39-46 and 49-5 1 stand rejected and Appellants appeal the rejection of these 

claims. 

A copy of the rejected claims in the present Appeal is provided as Appendix A. 

IV. STATUS OF AMENDMENTS 
There were no amendments submitted after the final rejection of June 15, 2005. All 
previous amendments have been entered. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application is related to an isolated polypeptide 

comprising the amino acid sequence of the polypeptide of SEQ ID NO: 23, referred to in the 

present application as "PR0187." The PR0187 gene was shown for the first time in the present 

application to be significantly amplified in human lung and colon cancers as compared to 
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normal, non-cancerous human tissue controls (Example 92). This feature is specifically recited 
in Claim 44, and carried by all claims dependent from Claim 44. In addition, the invention also 
claims the amino acid sequence of the polypeptide of SEQ ID NO: 23, lacking its associated 
signal-peptide; or the amino acid sequence of the polypeptide encoded by the full-length coding 
sequence of the cDNA deposited under ATCC accession number 209375 (Claims 44-46 and 49). 
The invention is further directed to polypeptides having at least 80% to 99% amino acid 
sequence identity to the amino acid sequence of the polypeptide of SEQ ID NO: 23; the amino 
acid sequence of the polypeptide of SEQ ED NO: 23, lacking its associated signal peptide; or the 
amino acid sequence of the polypeptide encoded by the full-length coding sequence of the cDNA 
deposited under ATCC accession number 209375, wherein the nucleic acid encoding said 
polypeptide is amplified in lung or colon tumor (Claims 39-46 and 49-51). The invention is 
further directed to a chimeric polypeptide comprising one of the above polypeptides fused to a 
heterologous polypeptide (Claim 50), and to a chimeric polypeptide wherein the heterologous 
polypeptide is an epitope tag or an Fc region of an immunoglobulin (Claim 51). PRO 
polypeptide variants having at least about 80-99% amino acid sequence identity with a full 
length PRO polypeptide sequence, or a PRO polypeptide sequence lacking the signal peptide are 
generally described in the specification at, for example, page 1 12, line 37 onwards, and percent 
amino acid sequence identity determination is generally described at least at, for example, page 
67-70, line 67 onwards. 

The preparation of chimeric PRO polypeptides (Claims 50 and 51), including those 
wherein the heterologous polypeptide is an epitope tag or an Fc region of an immunoglobulin, is 
set forth in the specification at page 74, lines 23 to page 75, line 5. Examples 53-56, pages 192- 
199, describe the expression of PRO polypeptides in various host cells, including E. coli, 
mammalian cells, yeast and Baculovirus-infected insect cells. 

The amino acid sequence of the native "PRO 187" polypeptide and the nucleic acid 
sequence encoding this polypeptide (referred to in the present application as H DNA27864-1 155" 
or ATCC 209375) are shown in the present specification as SEQ ID NOs: 23 and 22, 
respectively, and in Figures 1 1 and 10, described on pages 59, lines 7-10. The full-length 
PROl 87 polypeptide having the amino acid sequence of SEQ ID NO: 23 is described in the 
specification at, for example, on pages 5-6 and page 100 and the isolation of cDNA clones 
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encoding PR0187 of SEQ ID NO: 23 is described in Example 5, page 150-151 of the 
specification. The specification discloses that the PR0187 polypeptide possess 74% amino acid 
sequence similarity to human fibroblast growth factor-8 (androgen-induced growth factor (see, 
for example, page 151, lines 6-8. 

Finally, Example 92, in the specification at page 222, line 26, to page 235, line 3, sets 
forth a f Gene Amplification assay 1 which shows that the PR0187 gene is amplified in the 
genome of certain human lung and colon cancers (see Table 9, pages 230-234). The profiles of 
various primary lung and colon tumors used for screening the PRO polypeptide compounds of 
the invention in the gene amplification assay are summarized on Table 8, page 227 of the 
specification. 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

1 . Whether Claims 39-46 and 49-51 satisfy the utility/ enablement requirement . 
under 35 U.S.C. §§101/1 12, first paragraph. 

2. Whether Claims 39-46 and 49-51 satisfy the written description requirement 
under 35 U.S.C. §112, first paragraph. 

VII. ARGUMENTS 

Summary of the Arguments 
Issue 1: Utility/ Enablement 

Patentable utility requires an assertion of specific, substantial and credible utility in the 
application for patent, or a well-recognized utility. The evidentiary standard to be used in setting 
forth a rejection is a preponderance of the totality of the evidence under consideration. Thus, to 
overcome the presumption of truth'that an assertion of utility by the Appellant enjoys, the 
Examiner must establish that it is more likely than not that one of ordinary skill in the art would 
doubt the truth of the statement of utility. Only after the Examiner has made a proper prima 
facie showing of lack of utility, does the burden of rebuttal shift to the Appellant. 

Appellants rely upon the gene amplification data of the PR0187 gene for patentable 
utility of the PRO 187 polypeptides. This data is clearly disclosed in the instant specification in 
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Example 92 which discloses that the gene encoding PRO 187 showed significant amplification, 
ranging from 3.182 to 16,564-fold amplification in 6 primary lung tumors and 2.014 to 
11.794-fold amplification in 10 primary colon tumors. Therefore, such a gene is useful as a 
marker for the diagnosis of lung and colon cancer , and for monitoring cancer development 
and/or for measuring the efficacy of cancer therapy. 

Appellants have also submitted, with their Response filed June 6, 2003, the Declaration 
of Dr. Audrey Goddard, which explains that a gene identified as being amplified at least 2-fold 
by the disclosed gene amplification assay in a tumor sample relative to a normal sample is useful 
as a marker for the diagnosis of cancer , for monitoring cancer development and/or for measuring 
the efficacy of cancer therapy. Therefore, one of ordinary skill would find it credible that the 
claimed PR0187 polypeptides, and therefore their antibodies have utility as markers for the 
diagnosis of lung or colon tumors . 

In addition, Appellants have submitted ample evidence to show that, in general, if a gene 
is amplified in cancer, it is more likely than not that the encoded protein will be expressed at an 
elevated level. First, the articles by Orntoft et al, Hyman et al, and Pollack et al (made of 
record in Appellants 1 Response filed October 8, 2004) collectively teach that in general gene 
amplification increases mRNA expression . Second, the Declaration of Dr. Paul Polakis (made of 
record in Appellants 1 Response filed October 8, 2004), principal investigator of the Tumor 
Antigen Project of Genentech, Inc., the assignee of the present application, shows that, in 
general there is a correlation between mRNA levels and polypeptide levels . 

Appellants further submit that even if there were no correlation between gene 
amplification and increased mRNA/protein expression, (which Appellants expressly do not 
concede), a polypeptide encoded by a gene that is amplified in cancer would still have a specific, 
substantial, and credible utility. Appellants submit that, as evidenced by the Ashkenazi 
Declaration and the teachings of Hanna and Mornin (both made of record in Appellants 1 
Response filed October 8, 2004), simultaneous testing of gene amplification and gene product 
over-expression enables more accurate tumor classification , even if the gene-product, the protein, 
is not over-expressed. This leads to better determination of a suitable therapy for the tumor, as 
demonstrated by a real-world example of the breast cancer marker HER-2/neu. 
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Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip arrays in 2004. Clearly, the research community believes that the 
information obtained from these chips is useful (i.e., that it is more likely than not informative of 
the protein level). 

Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is a correlation between DNA, mRNA, 
and polypeptide levels, these instances are exceptions rather than the rule . In the majority of 
amplified genes, as exemplified by Haynes et a/., Orntoft et ai, Hyman et al, Pollack et al 9 and 
the Polakis Declaration, the teachings in the art overwhelmingly show that gene amplification 
influences gene expression at the mRNA and protein levels . Therefore, one of skill in the art 
would reasonably expect in this instance, based on the amplification data for the PRO 187 gene, 
that the PRO 187 polypeptide is concomitantly overexpressed. Thus, the claimed PRO 187 
polypeptides have utility in the diagnosis of cancer. 

However, the Examiner maintains, in the Final Office Action mailed June 23, 2005, that 
amplification of the PRO 187 polynucleotide does not impart a specific, substantial, and credible 
utility to the PRO 187 antibody since, "gene amplification of polynucleotides encoding 
PR0187....is not predictive of increased amounts of polynucleotide of SEQ ID NO: 23, and, 
therefore, the polypeptide of SEQ ID NO: 23 could not be used as a marker for lung and colon 
cancer without further and significant amount of experimentation" (page 3, line 6). Appellants 
submit, as discussed below, that a prima facie case for lack of utility has not been established 
based on the Examiner's rejections. 

Accordingly, Appellants submit that when the proper legal standard is applied, one 
should reach the conclusion that the present application discloses at least one patentable utility 
for the claimed PR0187 polypeptides and their antibodies in the diagnosis of cancer. Based on 
such a utility, one of skill in the art would know exactly how to use the claimed polypeptides for 
diagnosis of cancer, without any undue experimentation. The specification provides ample 
guidance to allow the skilled artisan, including a detailed protocol for the gene amplification 
assay, and detailed guidance as to how to identify and make polypeptides of PRO 187 (SEQ ED 
NO: 23) and detailed guidance on how to make and use antibodies to PR0187 (SEQ ID NO: 23). 
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Accordingly, one of ordinary skill in the art would understand how to make and use the recited 
antibodies without any undue experimentation. 

Issue 2: Written Description 

Claims 39-46 and 49-51 stand rejected under 35 U.S.C. §112, first paragraph, allegedly 
"as containing subject matter which was not described in the specification in such a way as to 
reasonably convey to one skilled in the relevant art that the inventor(s), at the time the 
application was filed, had possession of the claimed invention.." (Page 5 of the Final Office 
Action mailed June 23, 2005). 

The factors to be considered in evidencing possession of a claimed genus include 
"disclosure of complete or partial structure, physical and/or chemical properties, functional 
characteristics, structure/function correlation, methods of making the claimed product, or any 
combination thereof." Current applicable case law holds that biological sequences are not 
adequately described solely by a description of their desired functional activities. It is, however, 
well established that a combination of functional and structural features suffices to describe a 
claimed genus, as discussed in the PTO's own Written Description Guidelines, and as set forth in 
Enzo Biochem., Inc. v. Genprobe, Inc. Appellants note that the claims recite structural features, 
namely, 80% sequence identity to SEQ ID NO: 23, which are common to the genus. The genus 
of claimed polypeptides is further defined by having a specific functional activity for the 
encoding nucleic acids, namely, that the encoding nucleic acid is amplified in lung tumors. The 
specification provides detailed guidance as to how to identify the recited variants of SEQ ID NO: 
23, including methods for determining percent identity between two amino acid sequences, as 
well as listings of exemplary and preferred sequence substitutions, as well as detailed protocols 
for determining whether a gene encoding a variant PRO 187 protein is amplified in lung tumor. 
Thus one of skill in the art could easily identify whether a variant PRO 187 sequence falls within 
the parameters of the claimed invention. 

Accordingly, a description of the claimed genus has been achieved by the recitation of 
both structural and functional characteristics. 

These arguments are all discussed in further detail below under the appropriate headings. 
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Response to Rejections 

ISSUE 1. Claims 39-46 and 49-51 are supported by a credible, specific and substantial 
asserted utility, and thus meet the utility requirement of 35 U.S.C. §§101/112, first 
paragraph 

The sole basis for the Examiner's rejection of Claims 39-46 and 49-51 under this section 
is that the data presented in Example 92 of the present specification is allegedly insufficient 
under the present legal standards to establish a patentable utility under 35 U.S.C. §101 for the 
presently claimed subject matter. 

Claims 39-46 and 49-51 stand further rejected under 35 U.S.C. §112, first paragraph, 
allegedly "since the claimed invention is not supported by either a specific and substantial asserted 
utility or a well established utility for the reasons set forth above, one skilled in the art clearly would 
not know how to use the claimed invention." 

Appellants strongly disagree and, therefore, respectfully traverse the rejection. 

A. The Legal Standard For Utility Under 35 U.S.C. §101 

According to 35 U.S.C. §101: 

Whoever invents or discovers any new and useful process, machine, manufacture, 
or composition of matter, or any new and useful improvement thereof, may obtain 
a patent therefor, subject to the conditions and requirements of this title. 
(Emphasis added). 

In interpreting the utility requirement, in Brenner v. Manson, the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent Appellant disclose a "substantial utility" for his or 

2 

her invention, i.e., a utility "where specific benefit exists in currently available form." The 
Court concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 

3 

commerce rather than the realm of philosophy." 



1 Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 

2 Id. at 534, 148 U.S.P.Q. (BNA) at 695. 

3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 
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Later, in Nelson v. Bowler? the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may 
not establish a specific therapeutic use. The Court held that "since it is crucial to provide 
researchers with an incentive to disclose pharmaceutical activities in as many compounds as 
possible, we conclude adequate proof of any such activity constitutes a showing of practical 

utility." 5 

In Cross v. Iizukafihe C.A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 
i.e. there is a reasonable correlation there between." 7 The Court perceived, "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 

8 

practical utility." 

The case law has also clearly established that Appellants' statements of utility are usually 

9 ... 

sufficient, unless such statement of utility is unbelievable on its face. The PTO has the initial 

10 

burden to prove that Appellants' claims of usefulness are not believable on their face. In 
general, an Appellant's assertion of utility creates a presumption of utility that will be sufficient 



4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id. at 856, 206 U.S.P.Q. (BNA) at 883. 

6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 

7 Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 



9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 
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t • I 

to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in 

11 12 

the art to question the objective truth of the statement of utility or its scope." * 

Compliance with 35 U.S.C. §101 is a question of fact/ 3 The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 

14 

totality of the evidence under consideration. Thus, to overcome the presumption of truth that 
an assertion of utility by the Appellant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 
Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the Appellant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 
("Utility Guidelines"), 15 which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility"' or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when 
it is particular to the subject matter claimed. For example, it is generally not enough to state that 
a nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the 
public" or similar formulations used in certain court decisions to mean that products or services 
based on the claimed invention must be "currently available" to the public in order to satisfy the 

11 In reLanger, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In reJolles, 628 F.2d 1322, 206 USPQ 885 (C.C.P.A. 1980); In re Irons, 340 F.2d 
974, 144 USPQ 351 (1965); In re Sichert, 566 F.2d 1154, 1159, 196 USPQ 209,212-13 
(C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) cert, 
denied, 469 US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 1992). 

15 66 Fed. Reg. 1092(2001). 
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utility requirement. "Rather, any reasonable use that an applicant has identified for the invention 
that can be viewed as providing a public benefit should be accepted as sufficient, at least with 
regard to defining a 'substantial' utility." 16 Indeed, the Guidelines for Examination of 
Applications for Compliance With the Utility Requirement, 17 gives the following instruction to 
patent examiners: "If the Appellant has asserted that the claimed invention is useful for any 
particular practical purpose . . . and the assertion would be considered credible by a person of 
ordinary skill in the art, do not impose a rejection based on lack of utility." 

B. Proper Application of the Legal Standard 

Appellants respectfully submit that the data presented in Example 92 starting on page 222 
of the specification of the specification and the cumulative evidence of record, which underlies 
the current dispute, indeed support a "specific, substantial and credible" asserted utility for the 
presently claimed invention. 

Patentable utility for the PRO 187 polypeptides is based upon the gene amplification data 
for the gene encoding the PRO 187 polypeptide. Example 92 describes the results obtained using 
a very well-known and routinely employed polymerase chain reaction (PCR)-based assay, the 
TaqMan™ PCR assay, also referred to herein as the gene amplification assay. This assay allows 
one to quantitatively measure the level of gene amplification in a given sample, say, a tumor 
extract, or a cell line. It was well known in the art at the time the invention was made that gene 
amplification is an essential mechanism for oncogene activation. Appellants isolated genomic 
DNA from a variety of primary cancers and cancer cell lines that are listed in Table 9 (page 222 
onwards of the specification), including primary lung and colon cancers of the type and stage 
indicated in Table 8 (page 227). The tumor samples were tested in triplicates with Taqman™ 
primers and with internal controls, beta-actin and GADPH in order to quantitatively compare 
DNA levels between samples (page 229). As a negative control, DNA was isolated from the 
cells often normal healthy individuals, which was pooled and used as a control and also, no- 
template controls (page 229, lines 28-29). The results of TaqMan™ PCR are reported in ACt 

16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 H (B)(1). 
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units, as explained in the passage bridging pages 222 to 223, last line onwards. One unit 

corresponds to one PCR cycle or approximately a 2-fold amplification, relative to control, two 

units correspond to 4-fold, 3 units to 8-fold amplification and so on. Using this PCR-based 

assay, Appellants showed that the gene encoding for PR0187 was amplified, that is, it showed 

approximately ACt units for lung tumors which corresponds to 2 1 67 -2 4 05 - fold amplification in 

lung, or 3.182 to 16.564-fold amplification in 6 primary lung tumors and 2 1 01 -2 3 56 -fold 

amplification or 2.014 to 11.794-fold amplification in 10 primary colon tumors. 

In support of their showing that these gene amplification values are significant, 

Appellants submitted, in their Response filed June 6, 2003, a Declaration by Dr. Audrey 

Goddard. Appellants particularly draw the Board's attention to page 3 of the Goddard 

Declaration which clearly states that: 

It is further my considered scientific opinion that an at least 2-fold increase in 
gene copy number in a tumor tissue sample relative to a normal (i.e., non-tumor) 
sample is significant and useful in that the detected increase in gene copy number 
in the tumor sample relative to the normal sample serves as a basis for using 
relative gene copy number as quantitated by the TaqMan PCR technique as a 
diagnostic marker for the presence or absence of tumor in a tissue sample of 
unknown pathology. Accordingly, a gene identified as being amplified at least 2- 
fold by the quantitative TaqMan PCR assay in a tumor sample relative to a normal 
sample is useful as a marker for the diagnosis of cancer, for monitoring cancer 
development and/or for measuring the efficacy of cancer therapy. (Emphasis 
added). 

Further, Example 92 in the specification further discloses, "Amplification is associated 
with overexpression of the gene product, indicating that the polypep tides are useful targets for 
therapeutic intervention in certain cancers such as colon, lung, breast and other cancers and 
diagnostic determination of the presence of those cancers" (emphasis added). Accordingly, the 
3.182 to 16.564-fold amplification in 6 primary lung tumors and 2.014 to 11.794-fold 
amplification in 10 primary colon tumors would be considered significant a nd credible by one 
skilled in the art, based upon the facts disclosed in the Goddard Declaration. 

However, Appellants note that the Examiner maintains the position in the Office Action, 

especially on page 4, line 3 onwards of the Final Office Action mailed on June 23, 2005, that: 

"gene amplification of polynucleotides encoding PR0187 of SEQ ID NO: 2 in 
primary samples of lung and colon cancer, as indicated in Table 9 on pages 230- 
234 of the instant specification, is not predictive of increased amounts of 
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polypeptide of SEQ ID NO: 2 and therefore, the polypeptide of SEQ ID NO: 2 
could not be used as a marker for lung and colon cancer without further and 
significant amount of experimentation." 

But Appellants have submitted ample evidence (submitted with Appellants' 
Response October 8, 2004) to show that, in general, if a gene is amplified in cancer, it is 
more likely than not that the encoded protein will be expressed at an elevated level as 
well. Appellants respectfully remind the Examiner that the evidentiary standard to be 
used throughout ex parte examination of a patent application is a preponderance of the 
totality of the evidence under consideration. Thus, to overcome the presumption of 
truth that an assertion of utility by the applicant enjoys, the Examiner must establish that 
it is more likely than not that one of ordinary skill in the art would doubt the truth of the 
statement of utility. Only after the Examiner has made a proper prima facie showing of 
lack of utility, does the burden of rebuttal shift to the Appellant. 

First, the articles by Orntoft et al, Hyman et aL, and Pollack et al collectively teach that 
in general gene amplification increases mRNA expression . Appellants submit that these and 
numerous other articles show that generally, if a gene is amplified in cancer, it is more likely 
than not that the mRNA transcript will be expressed at an elevated level. For example, Orntoft et 
al studied transcript levels of 5600 genes in malignant bladder cancers, many of which were 
linked to the gain or loss of chromosomal material using an array-based method. Orntoft et al 
showed that there was a gene dosage effect and taught that "in general (18 of 23 cases) 
chromosomal areas with more than 2-fold gain of DNA showed a corresponding increase in 
mRNA transcripts" (see column 1, abstract). In addition, Hyman et al showed, using CGH 
analysis and cDNA microarrays which compared DNA copy numbers and mRNA expression of 
over 12,000 genes in breast cancer tumors and cell lines, that there was "evidence of a prominent 
global influence of copy number changes on gene expression levels." (See page 6244, column 1, 
last paragraph). Additional supportive teachings were also provided by Pollack et al, who 
studied a series of primary human breast tumors and showed that ". . .62% of highly amplified 
genes show moderately or highly elevated expression, and DNA copy number influences gene 
expression across a wide range of DNA copy number alterations (deletion, low-, mid- and high- 
level amplification), and that on average, a 2-fold change in DNA copy number is associated 
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with a corresponding 1.5-fold change in mRNA levels." Thus, these articles collectively teach 
that in general, gene amplification increases mRNA expression . 

In addition, in their Response filed October 8, 2004, Appellants submitted a Declaration 
by Dr. Polakis, principal investigator of the Tumor Antigen Project of Genentech, Inc., the 
assignee of the present application, to show that mRNA expression correlates well with protein 
levels, in general. As Dr. Polakis explains, the primary focus of the microarray project was to 
identify tumor cell markers useful as targets for both the diagnosis and treatment of cancer in 
humans. The scientists working on the project extensively rely on results of microarray 
experiments in their effort to identify such markers. As Dr. Polakis explains, using microarray 
analysis, Genentech scientists have identified approximately 20 gene transcripts (mRNAs) that 
are present in human tumor cells at significantly higher levels than in corresponding normal 
human cells. To the date of the Declaration, they have generated antibodies that bind to about 30 
of the tumor antigen proteins expressed from these differentially expressed gene transcripts and 
have used these antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. Having compared 
the levels of mRNA and protein in both the tumor and normal cells analyzed, they found a very 
good correlation between mRNA and corresponding protein levels. Specifically, in 
approximately 80% of their observations they have found that increases in the level of a 
particular mRNA correlates with changes in the level of protein expressed from that mRNA. 
While the proper legal standard is to show that the existence of correlation between mRNA and 
polypeptide levels is more likely than not, in approximately 80% of the cases , the researchers 
found that increases in the level of a particular mRNA correlated with changes in the level of 
protein expressed from that mRNA when human tumor cells are compared with their 
corresponding normal cells, which greatly exceeds this legal standard. Based on these 
experimental data and his vast scientific experience of more than 2 years, Dr. Polakis states that, 
for human genes, increased mRNA levels typically correlate with an increase in abundance of 
the encoded protein. He further confirms that "it remains a central dogma in molecular biology 
that increased mRNA levels are predictive of corresponding increased levels of the encoded 
protein." Therefore, Dr. Polakis 1 research, which is referenced in his Declaration, shows that, in 
general there is a correlation between increased mRNA and polypeptide levels . 
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Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip® arrays in 2004. Clearly, the research community believe that the 
information obtained from these chips is useful (z.e., that it is more likely than not that the results 
are informative of protein levels). 

Therefore, in the majority of amplified genes , the teachings in the art, overwhelmingly 
show that gene amplification influences gene expression at the mRNA and protein levels. 
Therefore, it is "more likely than not" for amplified genes to have increased mRNA and protein 
levels, in general. . 

However, in the Final Office Action, the Examiner alleges based on the teachings of 
Orntoft et al, Hyman et al and Pollack et al that: 

"(1) the references are mostly limited to the analysis of correlation between increased 
copy of DNA and corresponding amount of mRNA, which is not relevant in the instant case to 
support the correlation between DNA and protein levels; (page 3 of the Final Office Action); 

(2) the references explain that when a copy of DNA is amplified less than 2-fold, which 
is only 3 out of 13 cases of lung cancer samples and zero out of 6 cases of colon cancer samples 
in the instant case of polypeptide of SEQ ID NO: 2 (see Table 9), (they) are considered at the 
border of detection (see page 3-4 of the Final Office Action); 

(3) the references clearly caution regarding limitations of gene expression pattern 
analysis, despite this progress of classification, the molecular mechanisms underlying gene 
expression patterns in cancer have remained elusive, and the utility of gene expression profiling 
in the identification of specific therapeutic targets remain limited (page 4 of the Final Office 
action)." The Examiner adds that "even if (we) assume that the increase of DNA copy correlates 
with the increase of the amount of corresponding protein, there appears to be no evidence or 
scientific reasoning presented to conclude that such increase is directly proportional to the 
amount of number of copies of DNA" (emphasis added- page 4, line 1 1-13 of the Final Office 
Action). 

Appellants strongly disagree with each of the points for the reasons discussed below. On 
the whole, the rejections made by the Examiner are based either on erroneous conclusions due to 
a misinterpretation of the gene amplification data, or on standards other than the utility standard. 
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Regarding point (1), Appellants submit that the Examiner is mischaracterizing the 
Appellants' reason for presenting the Orntoft et ah, Hyman et ah and Pollack et ah references. 
Appellants respectfully submit that these articles were presented to support the correlation 
between gene amplification and mRNA levels, while Dr. Polakis' Declaration was presented to 
support the correlation between mRNA levels and polypeptide levels. Appellants have clearly 
explained this throughout prosecution. Therefore, the Examiner's rejection based on the 
irrelevance of the Orntoft et ah, Hyman et ah and Pollack et ah references in showing the 
correlation between "DNA and protein levels" is an inappropriate characterization of the 
reasoning behind the presentation of the evidence by the Appellant. 

Further, the remarks made by the Examiner in point number (2) regarding "the copy of 
DNA being amplified less than 2-fold" is entirely incorrect. The Examiner seems to confuse the 
ACt units disclosed in Table 9 of the instant specification with "fold amplification". The 
observed fold- amplification values for PR0187 and methods to calculate them have been 
discussed in detail in the specification (Example 92) and above. That is, the fold-amplification 
for PR0187 was 3.182 to 16.564-fold amplification in 6 primary lung tumors and 2.014 to 
11.794-fold amplification in 10 primary colon tumors which are well above the 2-fold levels 
erroneously cited by the Examiner. Therefore, any conclusion drawn by the Examiner based on 
such an error would also be incorrect. 

Lastly, the points raised in item (3) cited above, namely that "the molecular mechanisms 
underlying the gene expression patterns in cancer have remained elusive," (emphasis added) is 
also not a proper basis for a utility rejection. The Examiner's general contention in this rejection 
seems to be the underlying mechanism of the PRO 187 protein in causing cancer rather than the 
positive result in the gene amplification assay. Appellants respectfully submit that the 
mechanism of action need not be understood for attaining utility. In fact, as stated by the Federal 
Circuit, "it is not a requirement of patentability that an inventor correctly set forth, or even know, 
how or why the invention works." In re Cortwright, 165 F.2d 1353, 1359 (Fed. Cir. 1999). The 
Federal Circuit has also stated that "[a]n invention need not be the best or only way to 
accomplish a certain result, and it need only be useful to some extent and in certain applications: 
"[T]he fact that an invention has only limited utility and is not operable in certain applications is 
not grounds for finding lack of utility." Envirotech Corp. v. Al George, Inc. 730 F.2d 753,762, 
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221 USPQ 473,480 (Fed. Cir. 1984). " Thus, Appellants submit that such a concern is 
misplaced, and cannot properly form the basis of utility rejections of the present claims. 

On the other hand, Appellants wholly acknowledge that the issue in this instance is the 
standard of proof required for Appellants to demonstrate the correlation between increased DNA 
levels, mRNA levels and protein levels. Based on the Utility Guidelines set by the PTO, this 
standard is more likely than not . It is not absolute certainty . Therefore, the Examiner's 
requirement for "evidence or scientific reasoning presented to conclude that such increase is 
directly proportional to the amount of number of copies of DNA " is not required to meet the 
"utility" standard of the Patent Statute for PR0187. Instead, Appellants' showing that gene 
amplification DNA results are well- correlated with mRNA and protein overexpression in 
general and therefore, it is more likely than not that, for PRO 187, as for most other genes , gene 
amplification is correlated with mRNA and protein overexpression, sufficiently meets the 
"utility" standard set by the PTO. 

Further, based on the asserted utility for PR0187 in the diagnosis of selected lung and 
colon cancers, the reduction to practice of the instantly claimed protein sequence of SEQ ED 
NO: 23 in the present application (also see page 5-6, page 36, page 100), the disclosure of the 
step-by-step protocol for the preparation, isolation and detection of monoclonal, polyclonal and 
other types of antibodies against the PRO 187 protein in the specification (monoclonal and 
polyclonal antibodies at page 139, line 32, to page 141, line 13; humanized antibodies at page 
141, line 15, to page 142, line 16; antibody fragments at page 143, line 8 onwards; labeled 
antibodies at pages 144-145, line 16 onwards and page 146, line 33 to page 147, line 6) and the 
disclosure of the gene amplification assay in Example 92, the skilled artisan would know exactly 
how to make and use the claimed antibodies for the diagnosis of lung and colon cancers. 
Appellants submit that based on the detailed information presented in the specification and the 
advanced state of the art in oncology, the skilled artisan would have found such testing routine 
and not 'undue.' 

Therefore, since the instantly claimed invention is supported by either a credible, specific 
and substantial asserted utility or a well-established utility, and since the present specification 
clearly teaches one skilled in the art "how to make and use" the claimed invention without undue 
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experimentation, Appellants respectfully request reconsideration and reversal of this outstanding 
rejections under 35 U.S.C. §101 and §112, First Paragraph to Claims 39-46 and 49-51. 

ISSUE 2; Claims 39-46 and 49-51 satisfy the written description requiremen t of 35 U.S.C. 
SI 12. First Paragraph 

Claims 39-46 and 49-51 stand rejected under 35 U.S.C. §112, first paragraph, as 
allegedly containing "subject matter which was not described in the specification in such a way 
as to reasonably convey to one skilled in the relevant art that the inventor(s), at the time the 
application was filed, had possession of the claimed invention." Appellants respectfully 
disagree. 

A. The Legal Test for Written Description 

The well-established test for sufficiency of support under the written description 
requirement of 35 U.S.C. §112, first paragraph is "whether the disclosure of the application as 
originally filed reasonably conveys to the artisan that the inventor had possession at that time of 
the later claimed subject matter, rather than the presence or absence of literal support in the 

18 19 

specification for the claim language." ' The adequacy of written description support is a 

20 . .. 

factual issue and is to be determined on a case-by-case basis. The factual determination m a 
written description analysis depends on the nature of the invention and the amount of knowledge 

21 22 

imparted to those skilled in the art by the disclosure. ' 



In reKaslow, 707 F.2d 1366, 1374, 212 USPQ 1089, 1096 (Fed. Cir. 1983). 
19 See also Vas-Cath, Inc. v. Mahurkar, 935 F.2d at 1563, 19 USPQ2d at 1 1 16 (Fed. Cir. 1991). 
See e.g., Vas-Cath, 935 F.2d at 1563; 19 USPQ2d at 1116. 

21 Union Oil v. Atlantic Richfield Co., 208 F.2d 989, 996 (Fed. Cir. 2000). 

22 See also M.P.E.P. §2163 11(A). 
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In Environmental Designs, Ltd. v. Union Oil Co., the Federal Circuit held, "Factors that 
may be considered in determining level of ordinary skill in the art include: (1) the educational 
level of the inventor; (2) type of problems encountered in the art; (3) prior art solutions to those 
problems; (4) rapidity with which innovations are made; (5) sophistication of the technology; 
and (6) educational level of active workers in the field." 24 Further, the "hypothetical 'person 
having ordinary skill in the arf to which the claimed subject matter pertains would, of necessity 
have the capability of understanding the scientific and engineering principles applicable to the 

, 25 26 

pertinent art . ' 

B. The Disclosure Provides Sufficient Written Description for the Claimed 
Invention 

Applicants claim those native peptide sequences with 80-99% homology to SEQ ID NO: 23 
and wherein the nucleic acid encoding said polypeptide is amplified in lung or colon tumors. 
Applicants submit that the instant specification evidences the actual reduction to practice of a 
full-length PR0187 polypeptide of SEQ ID NO: 23, with or without its signal sequence. Thus, 
the genus of native polypeptide sequences with at least 80% sequence identity to SEQ ID NO: 
23, and which possess the functional property "wherein the nucleic acid encoding said 
polypeptide is amplified in lung or colon tumors" would meet the requirement of 35 U.S.C. 
§112, first paragraph, as providing adequate written description. 

In fact, Applicants point out that the Specification describes methods for the 
determination of percent identity between two amino acid sequence. The Specification further 
describes methods for one of ordinary skill in the art to identify peptide sequences having at least 
80% identity to SEQ ID NO: 23 'wherein the nucleic acid encoding said polypeptide is amplified 
in lung or colon tumors' by testing the nucleic acids encoding these variants in the gene 

23 7 1 3 F.2d 693, 696, 218 USPQ 865, 868 (Fed. Cir. 1983), cert denied, 464 U.S. 1043 (1984). 

24 See also M.P.E.P. §2141.03. 

25 Ex parte Hiyamizu, 10 USPQ2d 1393, 1394 (Bd. Pat. App. & Inter. 1988) (emphasis added). 

26 See a/so M.P.E.P. §2141.03. 
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amplification assay which is well-described in Example 90 of the instant specification. The 
specification further provides detailed guidance as to changes that may be made to a PRO 
polypeptide without adversely affecting its activity (page 1 12, line 37 to page 117, line 8). This 
guidance includes a listing of exemplary and preferred substitutions for each of the twenty 
naturally occurring amino acids (Table 6, page 1 14). Accordingly, one of skill in the art could 
identify whether the variant PR0187 sequence falls within the parameters of the claimed 
invention. Once such an amino acid sequence was identified, the specification sets forth 
methods for making the amino acid sequences (see page 113, line 18 to page 115, line 8) and 
methods of preparing the PRO polypeptides (see Examples 53-56). 

One of skill in the art could readily test these variant native polypeptide sequences to 
determine whether its encoding nucleic acid is amplified in lung or colon tumors based on the 
step-by-step methods set forth throughout the specification and in Example 90. There is no need 
to provide a description of the conserved regions of the polypeptide. Neither is there a need to 
correlate structure- to- function for the instantly claimed peptides or to identify specific sites at 
which variability is tolerated. The rejection based on difficulty in structure-function prediction in 
the art is irrelevant here, since Applicants are not predicting function of the variant native 
polypeptide sequences of SEQ ID NO: 23. Instead, Applicants claim those peptides with these 
prerequisites: 1) 80-99% homology to SEQ ID NO: 23 and 2) which demonstrate a well-defined 
function, namely, whose encoding nucleic acids are amplified in the gene amplification assay. 

Appellants further submit that the specification provides ample written support for 
detecting and quantifying amplification of such nucleic acids in several tumors and/or cell lines 
as described in Example 92. Example 92 of the present application provides step-by-step 
guidelines and protocols for the gene amplification assay. By following this disclosure, one 
skilled in the art would know that it is easy to test whether a gene encoding a variant PRO 1 87 
protein is amplified in lung or colon tumors by the methods set forth in Example 92. 

More recently, in Enzo Biochem., Inc. v. Genprobe, Inc. 296 F.3d 1316 (Fed. Cir. 2002), 
the court adopted the standard that "the written description requirement can be met by Showing 
that the invention is complete by disclosure of sufficiently detailed, relevant identifying 
characteristics, . . . i.e., complete or partial structure, other physical and/or chemical properties, 
functional characteristics when coupled with a known or disclosed correlation between function 
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and structure, or some combination of such characteristics." Id. at 1324. While the invention in 
Enzo was still a DNA 5 the holding has been treated as being applicable to proteins as well. 
Indeed, the court adopted the standard from the USPTO's Written Description Examination 
Guidelines, which apply to both proteins and nucleic acids. 

Accordingly, current applicable case law holds that biological sequences are not 
adequately described solely by a description of their desired functional activities. The instant 
claims meet the standard set by the Enzo court in that the claimed sequences are defined not only 
by functional properties, but also by structural limitations. It is well established that a 
combination of functional and structural features may suffice to describe a claimed genus. "An 
applicant may also show that an invention is complete by disclosure of sufficiently detailed, 
relevant identifying characteristics which provide evidence that applicant was in possession of 
the claimed invention, i.e., complete or partial structure, other physical and/or chemical 
properties, functional characteristics when coupled with a known or disclosed correlation 

27 

between function and structure, or some combination of such characteristics." Thus, the genus 
of polypeptides with at least 80-99% sequence identity to SEQ ID NO: 23, which possess the 
functional property of having a nucleic acid which is amplified in lung tumor would meet the 
requirement of 35 U.S.C. §112, first paragraph, as providing adequate written description. 
Accordingly, one skilled in the art would have known that Appellants had knowledge and 
possessed the claimed polypeptides with 80-99% sequence identity to SEQ ID NO: 23 whose 
encoding nucleic acids were amplified in lung tumors. The recited property of amplification of 
the encoding gene adds to the characterization of the claimed polypeptide sequences in a manner 
that one of skill in the art could readily assess and understand. 

As discussed above, Appellants have recited structural features, namely, 80% sequence 
identity to SEQ ID NO: 23, which are common to the genus. Appellants have also provided 
guidance as to how to make the recited variants of SEQ ID NO: 23, including listings of 
exemplary and preferred sequence substitutions. The genus of claimed polypeptides is further 



M.P.E.P. §2163 11(A)(3)(a) 
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defined by having a specific functional activity for the encoding nucleic acids. Accordingly, a 
description of the claimed genus has been achieved. 

For the above reasons, the specification provides adequate written description for 
polypeptides having at least 80% identity to SEQ ID NO: 23 wherein the nucleic acid encoding 
the polypeptide is amplified in lung tumor. Accordingly, Appellants respectfully request 
reconsideration and reversal of the written description rejection of Claims 39-46 and 49-51 under 
35 U.S.C. §112, first paragraph. 

Accordingly, this rejection under §112, first paragraph should be withdrawn. 

CONCLUSION 

For the reasons given above, Appellants submit that present specification clearly 
describes, details and provides a patentable utility for the claimed invention. Moreover, it is 
respectfully submitted that based upon this disclosed patentable utility, the present specification 
clearly teaches "how to use" the presently claimed polypeptide. As such, Appellants respectfully 
request reconsideration and reversal of the outstanding rejection of Claims 39-46 and 49-51. 

The Commissioner is authorized to charge any fees which may be required, including 
extension fees, or credit any overpayment to Deposit Account No. 08-1641 (referencing 
Attorney's Docket No. 39780-1 61 8P2C1) . 



Respectfully submitted, 



Date: March 15, 2006 



HELLER EHRMAN LLP 

275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650) 324-0638 



Daphne Reddy 
Reg. No. 53,507 
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IX. CLAIMS APPENDIX 
Claims on Appeal 

39. An isolated native sequence polypeptide having at least 80% amino acid sequence 
identity to: 

(a) the amino acid sequence of the polypeptide of SEQ ID NO: 23; 

(b) the amino acid sequence of the polypeptide of SEQ ID NO: 23, lacking its 
associated signal peptide; or 

(c) the amino acid sequence of the polypeptide encoded by the full-length coding 
sequence of the cDNA deposited under ATCC accession number 209375, 

wherein the nucleic acid encoding said polypeptide is amplified in lung or colon 

tumors. 

40. The isolated native sequence polypeptide of claim 39 having at least 85% amino 
acid sequence identity to: 

(a) the amino acid sequence of the polypeptide of SEQ ID NO: 23; 

(b) the amino acid sequence of the polypeptide of SEQ ID NO: 23, lacking its 
associated signal peptide; or 

(c) the amino acid sequence of the polypeptide encoded by the full-length coding 
sequence of the cDNA deposited under ATCC accession number 209375, 

wherein the nucleic acid encoding said polypeptide is amplified in lung or colon 

tumors. 

41 . The isolated native sequence polypeptide of claim 39 having at least 90% amino 
acid sequence identity to: 

(a) the amino acid sequence of the polypeptide of SEQ ID NO: 23; 

(b) the amino acid sequence of the polypeptide of SEQ ID NO: 23, lacking its 
associated signal peptide; or 

(c) the amino acid sequence of the polypeptide encoded by the full-length coding 
sequence of the cDNA deposited under ATCC accession number 209375, 
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wherein the nucleic acid encoding said polypeptide is amplified in lung or colon 

tumors. 

42. The isolated native sequence polypeptide of claim 39 having at least 95% amino 
acid sequence identity to: 

(a) the amino acid sequence of the polypeptide of SEQ ID NO: 23; 

(b) the amino acid sequence of the polypeptide of SEQ ID NO: 23, lacking its 
associated signal peptide; or 

(c) the amino acid sequence of the polypeptide encoded by the full-length coding 
sequence of the cDNA deposited under ATCC accession number 209375, 

wherein the nucleic acid encoding said polypeptide is amplified in lung or colon tumors. 

43. The isolated native sequence polypeptide of claim 39 having at least 99% amino 
acid sequence identity to: 

(a) the amino acid sequence of the polypeptide of SEQ ID NO: 23; 

(b) the amino acid sequence of the polypeptide of SEQ ID NO: 23, lacking its 
associated signal peptide; or 

(c) the amino acid sequence of the polypeptide encoded by the full-length coding 
sequence of the cDNA deposited under ATCC accession number 209375, 

wherein the nucleic acid encoding said polypeptide is amplified in lung or colon tumors. 

44. An isolated polypeptide comprising: 

(a) the amino acid sequence of the polypeptide of SEQ ID NO: 23; 

(b) the amino acid sequence of the polypeptide of SEQ ID NO: 23, lacking its 
associated signal peptide; or, 

(c) the amino acid sequence of the polypeptide encoded by the full-length coding 
sequence of the cDNA deposited under ATCC accession number 209375. 

45. The isolated polypeptide of Claim 44 comprising the amino acid sequence of the 
polypeptide of SEQ ID NO: 23. 
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46. The isolated polypeptide of Claim 44 comprising the amino acid sequence of the 
polypeptide of SEQ ID NO: 23, lacking its associated signal peptide. 

49. The isolated polypeptide of Claim 44 comprising the amino acid sequence of the 
polypeptide encoded by the full-length coding sequence of the cDNA deposited under ATCC 
accession number 209375. 

50. A chimeric polypeptide comprising a polypeptide according to Claim 44 fused to 
a heterologous polypeptide. 

5 1 . The chimeric polypeptide of Claim 50, wherein said heterologous polypeptide is 
an epitope tag or an Fc region of an immunoglobulin. 
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X. EVIDENCE APPENDIX 



1 . Declaration of Audrey Goddard, Ph.D. under 35 C.F.R. §1.132, with attached 
Exhibits A-G: 

A. Curriculum Vitae of Audrey D. Goddard, Ph.D. 

B. Higuchi, R. et al., "Simultaneous amplification and detection of specific 
DNA sequences," Biotechnology 10:413-417 (1992). 

C. Livak, K.J., et al., "Oligonucleotides with fluorescent dyes at opposite 
ends provide a quenched probe system useful for detecting PCR product 
and nucleic acid hybridization," PCR Methods Appl. 4:357-362 (1995). 

D. Heid, C.A. et al., "Real time quantitative PCR," Genome Res. 6:986-994 
(1996). 

E. Pennica, D. et al., "WISP genes are members of the connective tissue 
growth factor family that are up-regulated in Wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors," Proc. Natl. Acad. Sci. USA 
95:14717-14722(1998). 

F. Pitti, R.M. et al., "Genomic amplification of a decoy receptor for Fas 
ligand in lung and colon cancer," Nature 396:699-703 (1998). 

G. Bieche, I. et al., "Novel approach to quantitative polymerase chain 
reaction using real-time detection: Application to the detection of gene 
amplification in breast cancer," Int. J. Cancer 78:661-666 (1998). 

2. Declaration of Paul Polakis, Ph.D. under 35 C.F.R. §1.132. 

3. Declaration of Avi Ashkenazi, Ph.D. under 35 C.F.R. §1.132, with attached 
Exhibit A (Curriculum Vitae). 

4. Orntoft, T.F., et al., "Genome-wide Study of Gene Copy Numbers, Transcripts, 
and Protein Levels in Pairs of Non-Invasive and Invasive Human Transitional Cell Carcinomas," 
Molecular & Cellular Proteomics 1:37-45 (2002). 

5. Hyman, E., et al., "Impact of DNA Amplification on Gene Expression Patterns in 
Breast Cancer," Cancer Research 62:6240-6245 (2002). 

6. Pollack, J.R., et al., "Microarray Analysis Reveals a Major Direct Role of DNA 
Copy Number Alteration in the Transcriptional Program of Human Breast Tumors," Proc. Natl. 
Acad. Sci. USA 99:12963-12968 (2002). 

7. Hanna et al., "HER-2/neu Breast Cancer Predictive Testing," Pathology 
Associates Medical Laboratories (1999). 
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Item 1 was submitted with the Appellants' Response filed on June 6, 2003 and was considered 
by the Examiner as indicated in the Final Office Action dated November 25, 2003. 

Items 2-7 were submitted with the Appellants' Response filed on October 8, 2004 and was 
considered by the Examiner as indicated in the Office Action dated December 9, 2004. 
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RELATED PROCEEDINGS APPENDIX 

None- no decision rendered by a Court or the Board in any related proceedings identified 
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DECLARATION OF AUDREY D. GODDARD, Ph.D UNDER 37 CF.R. § 1.132 

Assistant Commissioner of Patents 
Washington, D.C. 20231 

Sir: 

I, Audrey D. Goddard, PhD. do hereby declare and say as follows: 

1. I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 2001,1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 




Serial No.:* 
Filed: * 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al, Biotechnology 10:413^17 (1992) (Exhibit B); Livak et al, PCR 
Methods AppL 4:357-362 (1995) (Exhibit C> and Heid et aL 9 Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et a/., Proc. 
Natl. -Acad. Sci. USA 95(25):14717-14722 (1998) (Exhibit E); Pitti et al, Nature 
396(6712);699-703 (1998) (Exhibit F) andBieche et al. Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 
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Serial No.:* 
Filed:* 

7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown - 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech 's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 



• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 11 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 

1 998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department/Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 



diagnostics 
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1993 -1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 



Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 



McMaster University 

Hamilton, Ontario, Canada with Dr. G. D. Sweeney 
5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 

University of Toronto 

Toronto, Ontario, Canada. 1989 
Department of Medical 
Biophysics. 

Honours B.Sc McMaster University, 

"The in vitro metabolism of the cytochrome P-448 Hamilton, Ontario, Canada. 1983 
inducer p-naphthoflavone in C57BL/6J mice." Department of Biochemistry 
Supervisor: Dr. G. D. Sweeney 



Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 
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ACADEMIC AWARDS 

Imperial Cancer Research Fund Postdoctoral Fellowship 1989-1992 

Medical Research Council Studentship 1983-1988 

NSERC Undergraduate Summer Research Award 1983 

Society of Chemical Industry Merit Award (Hons. Biochem.) 1983 

Dr. Harry Lyman Hooker Scholarship 1 981 -1 983 

J.L.W. Gill Scholarship 1981-1982 

Business and Professional Women's Club Scholarship 1 980-1 981 

Wyerhauser Foundation Scholarship 1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1 999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25,2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16,2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 1 9, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H t Foster J t Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H t Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and 1L-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C t Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor GIL J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 1 1 : 729-735. 



Audrey D. Goddard, Ph.D. . . . page 6 of 9 



Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ ( 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D t Swanson TA f Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J t Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chemausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 71 7-21 . 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1 996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular En docrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp. 187-21 5. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM, Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 71 08-71 1 3. 

Winslow JW, Moran P, Valverde J. Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase 
. receptor involved in axon bundle formation. Neuron 14: 973-981 . 

Bennett BD, Zeigler FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6:732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
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Mark MR, Scaddeh DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 1 0720-1 0728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fioretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific I>NA 
sequences can be detected without open- 
ing the reaction tube* This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PGR- Since the fluorescence of 
EtBr increases in the presence of double- 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits of PCR 1 to. clin- 
ical diagnostics arc wetl kuowrv*' 5 , it is still not 
widely used in- this setting, even though it is 
four years cinco thcrrow^blft DNA polymer* 
ase* 4 nWc PGR practical. Some of the reasons for its slow 
acceptance are high cost, tack, of automation of pn* and 
post-PCR processing steps, and false positive resultsjrotn 
arryovcT-cOntamination. The Erst two point* arc related 
in that labor is the largest contributor to cost ait the present 
stage of PGR development. Most current assays require 
bottjc form of "downstream" processing once thermocyw 
ding is done in order *o determine whether the target 
DNA sequence was present and ha$ amplified, These 
include DNA hybrkhwuon 5 *, gel e^ctropbo^us with or 
without use of restriction digestion 7 :*; HPlXr, or capillary 
electrophoresis 10 * These methods are labor-intense, bave 
low throughput, and are difficult to automate. The third 
point is also closer/ related to downstream processing. 
The handling of the PGR product in these downstream 
processes increases the chances that aropMed DNA will 
spread through the trping lab, resulting in a .risk of 



"carryover" false positives in subsequent testing 11 . 

These dowrwtrcam processing steps would be etimi- 
nated if specific amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays m which such different processes cake 
place without, the need to separate reaction components 
have been termed ! 1^mogerteous\ No truly homoge- 
neous PGR assay has been demonstrated to date, although 
progress towards this end has been reported. Chehab, et 
at™, developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Allck^pedfic primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers tnust sua be 
removed in a do wnstream process in order to visualize the 
result. Recently, Holland, et al. u \ developed an assay in 
which tbc endogenous 5' esbiwdease assay of 7^ DNA 
polymerase was exploited to cleave a bbelcdcflgonudeo- 
ude probe. The probe would only deftve if PCR amplifi- 
cation had produced its complementary sequence. Id 
order to detect die dcavage products, however, a subse- 
quent process is again needed. 

We have developed a truly homogeneous assay for PGR 
and PCR product detection based upon tbc gready in- 
creased fluorescence that ethidium bromide and other 
DNA binding dyes exhibit when they are bound tevds- 
DNA 14 * 1 *. As outhned in Figure ?, a prototype PGR 
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R6VRE 1 -Principle of simultaneous amplification and detection of 
PCR product. The component* of a PCR containing EtBr dial are 
fluoresce™ arelisted— EtBr itself; EtBr bound to other ssDNA or 
daDNA. There is a large S^rcsccncc enhancement when EtBr is 
bound to DNA and bmdin> is greatly enhanced when DNA is 
doublc-sirandcd. After sufficient <n)..cydcs of PCR* the .net 
increase in dspNA results in additionai EtBr binding and a net 
increase in total fluorescence: 
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Rfimm 4 Gel electrophoresis of Mil aim plifi cation prod Ucts of the 
human, nuclear gene, HLA DQfit, made in the presence of 
increasing amounts of EtBr (up to 8 H-gfal). The presence of 
fctflr £ia& no obvious effect on the yield or spedfiuty of amplifi- 
cation. 



A. 





HGBXE ft (A) Fluorescence measurement* from PCRs that contain 
0.5 pgfail EtBr and that are specific for Y^irotnosoriie repeat 
ttaoencef. Five replicate PCRs trere begun containing each of the 
DNA* specified. At each indicated cyde, one of the five replicate 
PCRs for each DNA was removed from thcrmocydxng and tts 
fluorescence measured, Units of fluorescence are Arbitrary. (£) 
UV photography of PGR tubes (0,5 ml EppcDdorf^tylc, polypro- 
pylene microcentrifuge tubes) containing reactions, those scatfr 
in; from 2 ng male DNA and control reactions without any DNA, 
from (A). 
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begins with primers that are smgle-strandcd DNA (ss- 
DNA)» dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from singrle-ceU amount* of DNA 17 to 
micrograms per PCR^ 6 , If EtBr is present the reagents 
that will fluoresce, in order of irKrcasing fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by 
its intercalatron between the stacked bases of the DNA 
doubJc-hcfi*). After the first denatu ration cycle, target 
DNA will be largely single-stranded. After a PGR is 
completcdi the most significant change h the increase in 
the amount of dsDNA (tbe PGR produa itself) of up to 
several trjerograms. Formerly free EtBr is bound to the 
additional dsDNA, resulting in an increase m fluores- 
cence- There is also some decrease in the amount of 
ssDNA primer! but because the binding of EtBr to ssDN A 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. Tbe flxiorcs- 
cence increase can be measured by directing excitation 
illummaiion thn»igh the walls of the amplification, vessel 
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before and after, or even continuously during, thermocy- 
ding. 

RESULTS 

PCR in the presence of EtBr. order to assess the 
affect of EtBr in FOR, ampHfications of the human HLA 
DQa gene** were performed with the dye present at 
concentrations from 0,06 to 8,0 uVnil (a typical concen- 
tration of EtBr used in staking of nucleic aads following 
get electrophoresis b 0.5 u^mf)- As shown in Figure 2/geJ 
electrophoresis revealed iiule or no deference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicate 
ing that EtBr does not inhibit PGR, 

Detection of hmtfin Y-chrontosoirMs specific 
cptences* Sequence-ipecific, fluorescence enhancement of 
EtBr ax a result of PGR was demonstrated in a scries of 
amplification containing 0,5 tig/ml EtBr and primers 
specific to repeat DNA sequences found on the hutoaa 
Y-chromosomo* 0 . These PCRs initially contained either 
60 ng male, 60 ng female, 2 ng roak human or no DNA. 
Five replicate PCRs were begun for each DNA* After 0, 
17, 21 , 24 and 29 cycles of thermocycling, a PGR for each 
DNA was removed from the thennocycler, and its fluo- 
rescence measured in a spcctroffaorometer and plotted 
vs. amplification cyde number (Fig. 3 A), The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cycle number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not sigwficantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versa* 2 ng— the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel electrophoresis oo the products of these 
amplifications showea that DNA fragments of the ex- 
pected size were made in the male. DNA containing 
reactions and that Me DN A synthesis took place in the 
control samples, 

in addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
transilhiminatOT and photographing them through a red 
filter. This is shown fti figure 3B tor the reactions thai 
began with 5 ng male DNA and those with no DNA. 

Detection of specific alkkft of the hitman fl-globin 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screenings a dttcction 
of the skkfc-ccll anemia mutation was performed- Figure 
4 shows the fluorescence from completed amplication* 
containing EtBr (0.5 »&tnd) a* detect*! h? photography 
of the reaction cubes on a UV rrapsitiuminator. These 
reactions were performed using- primers specific for ci- 
ther the wild-type or sickle-cell mutation of the human 
^globin gene 4 *. The specificity for each allele is imparted 
by placing the sickle-mutation site at the terminal V 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extaision— and thus an> 
plifi^tior^can take place only if the 3' nucleotide of the 
primer is comnlcmcrjitary to the p-gtobin allele preficnr ,AH . 

Each pair ol smtJmcations shown in Figure 4 consists of 
a reaction with either the wild-type allele specific (left 
tube) or sicklc-aileie specific (right tube) primers. Three 
different DNAs. were typed: DNA from a homozygous, 
wfld-typc p-globin individual (A A); from a heterozygous 
sickle p~gfc>bin individual [AS); and from a homozygous 
sickle §-giobfo individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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f reactions each), The DNA .type vas reflected in the 
^Lhitive fluorescence intensities in each pair of completed 
'r^ifications. There was a significant increase in fluores* 
*Jqc only where a ^globin allele DNA matched the 
oriniCT *ct. When measured on a spectrofluorometcr 
{data not shown), this Buoresccxxce was about three times 
Lit present in a FCR where both p-gfobin alkies were 
^matched to the primer set. Gel electrophoresis (not 
Jjtown) established that this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for p^globin. There was 
litdc synthesis of dsDNA in reactions in. which the allele- 
specific primer was mismatched to both alleles. 

Continuous nMwwtoriag of a PGR* Using a fiber optic 
deviecrit i* possible to direct excitation illumination from 
p spectrofluorometer to a PGR undergoing thennocyding 
and to return its fluorescence w the Kpectrofluorometer. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBrtcontaining amplification of Y-chromo- 
wra c speci6c sequences from 25 r*g of human mate DNA* 
is shown in Figure 5. The readout from a control PCR 
with no target DNA is also shown. Thirty cycles of PGR 
were monitored for each- 

The fluorescence trace as a function of time dearly 
shows the effect of the thermocyding. Fluorescence inten- 
sity rises and fells inversely with temperature. The fluo- 
rescence intensity is minimum at the denatixration tem- 
perature (94°C) and roaadriium at die annealin^extension 
temperature (50°C). In the negative-control FCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty thcrmocycte, indicating that there is 
fotlc dsDNA f?ynthe$is without the appropriate target 
DNA, and there is little if any Weaefung of EtBr during 
the continuous illumination of the sample. 

In the PGR containing male DNA, the fluorescence 
maxim* at the annealing/extension temperature begin to 
increase ai about 4000 second* of thermocycling, and 
continue to increase with rime, indicating that dsDNA is 
being produced at a detectable leveL Note that the fluo- 
rescence minima at the denatuiation temperature, do not 
significantly increase, presumably because al this temper- 
ature there is no dsDNA for EtBr to bind- Hius the course 
of the amplification is followed by tracking the fluores- 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel clectropho- 
rows showed a DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se 
quoncenfipedfic probe can enhance die specificity of DNA 
dettiAiyn bv FCR. The cliraioatkm iheac processes 
means that* the specificity of this homogeneous assay 
depends solely on that of FCR* In the case of skkle-celi 
disease, wc have shown that PGR alone ha* sufficient DNA 
sequence apecifidty to permit genetic screening. Using 
appropriate amplification conditions, there is little non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The spedfidty required to detect pathogens can be 
more or less than that required' to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which Tcqun-cs detection 
of a vhaJ genome that can be at the level of a few copies 
per thousands of host cells*. Compared with genetic 
screening, which is performed on ceils containing at least 
one copy of the target sequence, HIV :detection requires 
both more specificity and the input of mote total 
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photography of PCR tubes contammfi ampfifcauoiis 
using EtBr that are specific to wild-type (A) or licWc (S> alleles of 
the human £-globin gene. The left of eachpairof tubes contains 
aBele-speeffic primers to the wild-type afleks, the right tube 
primers to the sicWe atkk- The photograph ^ taken after SO 
cydes of PCR, and the input DNAs and the alleles they contain 
are indicated. Fifty ng of DNA was used to begin PGR Typing 
was done in triplicate (3 pairs of POU) for each input DNA: 
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mUff S Continuous, reaUnnc moartarmg of a PCR. A fiber optic 
was wed to carry. excitation light to a PCJR m progressaud also 
emitted light back to a flu Oximeter (&ce Experimental ^ocoj). 
AmptificaBon using human inale-DNA spcofic pnmer* in a PCR 
5tarSff with 20 rig Of human male DNA <t°fWr m a control 
PCR without DNA (bottom), were monitored . Thirty ades of 
PCR were followed for each, The temperature Cycled between 
94*C (denaturaticm) and 50*C (annealing and extcawao). Note in 
the raale DNA PCE, the cyde (time) <fcp*i«teirt maeasc m 
ftuorescence at the aimeaHa^exteDsion tempetature. 
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DNA— lip to microgram amounts— in order to have suf- | 
fidcnt numbers of target sequences. This large amount of 
starting DNA m an amplification simib&rttly increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occur? with targets trt low 
copy-number is the formation of the ^rimer-duner" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PGR amplification^ and can compete whh 
true PCR targets if those targets are rare. The primer- 
dimer product is of course dsDNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase FCR specificity and reduce the efTect of 
primer-dimcT antpUhcantHi, we are investigating a nunv 
ber of approaches, including the use of ncsted^primer 
amplification* that take place in a singic tube 3 , and the 
''hot-start**, in which nonspecific amplification it reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 2 *. Prdhninary resuks using these ap- 
proaches suggest tbatprwncr-dijncT is effectively reduced 
and it is possible to detect the increase in Etfir fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* celts. With larger number* of cells, the 
background fluorescence cc^tributed by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence -specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by mcorporaiing the dye-binding DNA 
sequence into the FCR product through a 5' "add-on" to 
the olironudcotide primer 5 ' 1 . 

We have shown that the detection of fluorescence 
generated by an EtBr-containing FOR is straightforward, 
both once PCR is completed and continuously during 
thermocyefing. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is already possible with existing instru- 
mentation in 90-well format** In this format, the fluores- 
cence in each PCR can be cfuantitated before* after* and 
even at selected points dunng therraocyciing by moving 
the rack of PCRs to a 96-nuawcJl plate fluorescence 
reader** 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptic* transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target UNA copy number. Figure 5 shows that 
the larger the amount of starting target DNA, the sooner 
during PCR a fluorescence increase is detected. Prelimi- 
nary experiments {Higuchi and Dollinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as it can be in genetic screening-Teontinuous 
monitoring may provide a means pf detecting fabc posi- 
tive and false negative rcsulu>. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle ttfould indicate potential artifacts* False negative 
results due to, for example,, inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying nwkeT, This marker results in a 
fluorescence increase only after a large number of cy- 
cles—many more' than arc necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event, before any test based on this 
principle is ready for the clinic, an assessment of its false 
poritivetfalse negative rates will need to be obtained using 
a large number of known samples. 

In. summary, the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the High throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Hitman HLA-DQn gene Amplifications containing £t&. 
PCRs were set up in 100 pX volumes confining 10 mM Tris^HCK 
pH 8.3; 50 mM KCI; 4 mM MgC^: units of tac DNA 
polymerase (PeHtm^Ehncr Gem*. Norwalk* CT); 20 pmole each 



if 'human HtA-£>Qa gene specific oligonucleotide primers 
(>H26 and CH27 1 * and approaornateljr NT copies of DQot PCR 
product diluted frt>m a previous reaction. Ethidium bromide 
(Ei&r, SigtnnJ was used at the concentrations indicated in Figure 
2, Thcrmocyding proceeded for 20 cycles in a model 430 
thcrmocydcr (Per kin-Elmer CctuA, Norwatk, CT) using a "stcp- 
eyeje" program of 94*C for it min.- denauiration and for 30 
sec antvcaling and 72°C for 30 wc, extension, 

Y-chiomosomc specific PCR* PCRs (100 ul Wtai reaction 
volume) containing U5 jig/uil EtBr were prepared as described 
for HLA-DQct, except Vffih different primers and target DNA*. 
These PCRs contained i $ pmofe each male DNA-ipcctfjc primes 
YI.l and Vl.2*\ and cither 60 rrg male, 60 ec female, 2 ng male, 
or no human UNA. Thermocycling was SK^CTor I min, and 60*0 
for 1 min using a "stcp-cyd** progra m- The number of cycles for 
a sample were as indicated in Figui* 3. Fluorescence measure- 
ment « described below. 

Allek-spccific, human p-gtobiu groe FCR. AmpUnauions of 
100 volume using 0.5 M#™l of £tBr were prepared a* 
described for HLA^DQa above except with different primers 2nd 
target DNA&. These PCRs contained euber. primer pair HOPS/ 
HP HA <wRdHype globin specie primer*) or HGP23i(H4$ (sick-' 
lc-globb specific primers) at 10 pmoJe each primer per PCR, 
These primers were developed by Wu ct aL;\ Three different 
target DNA* were twed in separate amplifications— 50 ng each of 
human DNA that was homozygous for the JticVk trait (5S). DNA 
that was heterozygous for the sickle vaK (A$>> or DNA that wsu 
homozygous for the W.t- g]ob*a <AA). Thermocyefing was for 30 
cycles at 94"C for 1 min. and 55*C tor 1 min. using a "stcp-cytk" 
program. An annealmg temperature of 55X; b*u been shown try 
Wa et al. 21 to provide aUcle^pcrifk awpliteuon. Completed 
PCR* *wre phertngraphed through a red filter (Wraticn^SA) 
after placing the reaction tubes atop a model transwuffli- 
nator (UV-products San-Gabriel, CA). 

Fhioreseenee measuremctit. Flwore*cei>ce measurements wet* 
ma(U on PCRs containing EtBr in a F1uotoIoe>2 auorometcr 
(SPEX. Edison. NJ). Excitation was at the 500 nra band with 
*hour 2 nm bandwidth with * GG 435 nm cutoff .-filutrVMcles 
Grist, Inc., Irvine. CA) to exclude second-order Ugfat^ ^Emriwd 
light vas detected at 5 70 nm with a band width of about 7 nm* An 
OG 530 »m cut-nfTfiftcr was used to remove therachauon agfct* 
ContitHkmA frnore^cence liw ui tui i ng of FCR. tonfouous 
monitoring of a PCR in progress was accompiishea usmg mc 
BpcctrofluoromeieT and Jetnnga described Above as well as a 
fiberoptic accessory (SPJ&X cat no. 1950) to both send exctatjon 
light to. and receive emitted light from, a PCR placed m a wcU of 
a model -*80 uiermocydcr (Ptrkm-Elmer Cetus). The probe 
of the fiberoptic cable was attached with "5 mroutc-cpoxy* to tbfe 
open top of a PCR tube (a 0.5 ml polypropylene centrifuge tube 
wth its cap removed) effectively acaliog it. The exposed top ot 
the PGR tube and the end of the fiberoptic caWe were sijieWcd 
from room light and the room light* Kcre kept dimmed during 
each run. The monitored FOR was sun amplification of Y-ojto- 
riK>sdnH**pcdfk repeat sequences as described above, except 
using. an anneaKng/extension temperature of SO^C. The reacdon 
was covered ivith n>in«5rtJ oil (2 drops) to prevent cvapdrauon. 
Tbcrmocydiiig and fluorescence rocasuremcnt verc started st- 
muJtancously . A time-base son with a 10 second mtegr&now tnnc 
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tvrt* uwjd and the embsfcm signal was ratiocd to tbc excitation 
nigoAl to control Ibc changes in ]i$ht-*ourcc intensity. Data were 
^Icctsd using the drn3000f» version (SPEX) data system, 
^cfrnowtodginents 

Ytc ttaiTK bob Jonoa for help with she spectrofiuormctric 
ipyMtffcinenlftand *lcalherbe1| Fony for editing this manuscript. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 



Trauma, Shock and Sepsis 




The CD- 14 moiecule is' expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD -14 is a receptor for lipopolysaccharide 
(LPS) complexed to LPS-Binding-Protein (iBP). The 
concentration of te soluble form is altered under 
certain pathological conditions. There- is evidence for 
an important role of $CD^14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of value in 
monitoring these patients. 



1BL offers an EUSA for quantitative determination of 

soluble CD-I 4 in human serum, -ptasma, ceil-cuiture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(microSter strips), 
precoated with a specific 
monocfonal antibody, 
2x1 hour incubation, 
standard range: 3 - 96 ng/ml 
detection limit: 1 ng/ml 
CV: intra- and interassay < 8% 



For more information call or fax. 
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SIMULTANEOUS AMPLIFICATION AND DETECTION C 
SPECIFIC DNA SEQUENCES 

Russell mguchiSGavi*I>oIl^ ^ ^ 

Roche Molecular Systran Inc.. 1400 5Srd St. EmeryvWe, CA 9*tf*JC2won Corporation, 1400 53rd Sc, Emeryville, CA 
^Corresponding author. 



We have enhanced the polymerase chain j 
taction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium -bromide 
(EtBr) to a FCR. Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fluores- 
cence in such a PCR indicates a positive 
amplification, which can be easily moni- 
tored externally. In feet, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefit* of PGR* to dfo- 
fcal c&gn<*tks arc well known 2 - 8 , * * ^, n <* 
widely used in this setting, even diough tt » 
four year* einco thermostable DNf A potym*r- 
ase** made PCR practical. Some of ihe reasons for its slow 
acceptance are high cost, tack of automation of pre, and 
pose-PCR processing steps, and false positive results from 
carryovcT-cOntaminatioD. The first two points arc related 
in that labor is the largest contributor to cost ait the present 
stage of PCR development. Most Current assays require 
sonic forro of "downstream" processing once thermocy* 
ding k done in order determine whether the jMgct 
DNA sequence was present and has amplified. 
include DNA hybridiwuon** gel e^rrophomis with or 
without use of restriction digestion 7 :*; HPLC 9 , or caprilary 
electrophoresis 10 . These methods arc labor-intense, have 
low throughput, and are di&cuk to automate- The third 
point is abo closely related to downstream processing. 
The handling of the PCR product in these downstream 
processes increases the chances that amplified DNA wul 
spread through the typing tab, resuming in a risk of 



"carryover" false positives in subsequent testing . * 

These downstream processing steps would be ehrrti- 
nated if specific anipUfication and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays m whkh such different processes take 
place without the need to separate reaction components 
have been termed ^mogeneous*'. No truly homoge- 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported. Chehab, et 
aL™ developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product AHrfc-specific primers, cadi with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a downstream process in order to visuahw the 
result Recently, Holland, et al> 13 , developed 
which the endogenous 5' <:xdnudease assay of Taj" "DNA 
polymerase was exploited to cleave a labeicd^gonucJeo- 
tide probe. The probe would only dcave if PCR amplifi- 
cation had produced its complementary sequence. In 
order to detect the dcavage products, however, a subse- 
quent process is agam needed. 

We have developed a truly homogeneoua assay for PCR 
and PGR product detection based upon tbc greatly in- 
creased fluorescence that ethidiura bromide and ou»r 
DNA binding dyes exhibit when they are bound tcvds- 
DNA l4 - ie . As outlined in Figure I, a prototype FCR 



/ 



nDNAf 



(ap to \*Z mwualit) 




rttfyi stquenct 



RGVBE 1 Principle of simultaneous ampfificaaon and detection of . 
PCR product- TOccCwnpOncnUofarVAcoot3rtnh^EtBr^^ 
fluorescent areKsted-EiBr itself, EtBr bound toother ssDNA ox 
dsDN A. There i* a large fluorescence enhancement whcB±jUJr is 
bound to DNA and hmdirijr is gi^catly enhanced when DNA .is 
double-stranded. Ater sumckmt (n). cydcs of PGR, the net 
increase in dsDNA residts in addin'onai EtBr binding and & net 
increase in total fluorescence 
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FKHHE 3 (A) Fluorescence measurement* from PCRs that contain 
0.5 pgfrn! EtBr and that am specific for Y-chrotnosOJooc repeat 
sequence*. Five replicate PCRs tvere begun containing each of the 
DNAs specified. At each indicated cycle, one of the five replicate 
fCRs for each DNA was removed from thcrmocyding and its 
fluorescence measured, Units of fluorescence are arbitrary. (B) 
UV photography of PGR tube* (0.5 ml Eppcndorf^tylc, poTypro* 
pykne mtc*v<entri£ugc tubes) contenting reactions, those start* 
ing from 2 Jig male DNA Mid control reactions without any DNA, 
from (A). 
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begins with primers that are single-stranded DNA (ss- 
DNA)» dNTPs, and DNA polymerase; An amount of 
elsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA 17 to 
micrograms per PCR^ e , If EtBr is present, the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr hsclft and EtBr bound to the singk-etrauded 
DNA primers and to the dwblc-strauded target DNA (by 
its intercalation between the stacked bases of the DNA 
dotfbk^hciw). After the first denatu ration cyde, target 
DNA will be largely $ing?e-stranded. After a PGR is 
completed! the most significant change is the increase in 
the amount of dsDN A (the PGR product itself) of up to 
several mkrpgrarns. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to s$DN A 
is much Jess than to d&DNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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before and after, or even continuously during, thermocy- 
ding. 

RESULTS 

PCR in fiie presence of EtBr. to of dcr to assess the 
affect of EtBr in PGR, amplifications of the human Hl*A 
DQa gene 19 were performed with the dye present at 
concentrations from 0.06 to 8.0 ugfaru 1 (a Lyoica? concen- 
tration of EtBr used in staining of nucleic aods following 
get electrophoresis is 0*5 u.g/rnl). As shown in Figure 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of the arnplifkadon product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PGR, 

Detection of human Y-dbtonkOKHuo specific 
cpences* Sequence-specific fluorescence enhancement of 
EtBr as a result of PGR was demonstrated in a scries of 
amplifications containing 0*5 u-g/ml EtBr and primers 
spedfic to repeat DNA sequences {bund on the human 
Y<hromosomc*°. These PCRs initially contained cither 
60 ng male, 60 ng female, 2 ng roak human or no DNA. 
Five replicate PCRs were begun for each DNA* After 0, 
17, 21 1 24 and 29 cycles of therniocyding, a PCR for each 
DNA was removed from the thermocyder, and Us fluo- 
rescence measured in a spectrofluorotneter and plotted 
vs. amplification cyde number (Tig. 3A). The shape of this 
curve rcHccts the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not experiential with cycle number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— die fewer 
cycle* were needed to give a detectable increase in fluo- 
rescence. Gel electrophoreris oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected sxzc were made in the male DNA containing 
reactions and that little PN A synthesis took place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
transilhiminator and photographing them through a red 
filter. This is shown in figure SB lor the reactions that 
began with 2 ng male DNA and those with no DNA* 

Detection of specific allele* of the human 0-globtn 
gene* In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a detection 
of die skklc-odl anemia mutation was performed- Figure 
4 shows the fluorescence From completed anapMcation* 

containing EtBr (0.5 tig/ml) a< detected by photography 

of the reaction tubes on a UV transillominator. These 
reactions were performed using primers specific for ci* 
ther the v^-tvpe or sickle-ceil mutation of the human 
p-globin gene* \ The speciflcity for each allele is imparted 
by placing the sickle-mutation she at the terminal V 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension— and thus an> 
pliflcation^can take place only if the 3' nucleotide of the 
primer is complementary to the 3-globui aUdc prvtovf- 
Each pair of ampfoicauons shown in Figure 4 consists of 
a reaction with either the wild-type allele spedflc (left 
tube) or skkle-alleie specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wnd-typc p-globin individual (AA); from a heterozygous 
sickle p-globin individual (AS); and from a homozygous 
sickle p-giobb individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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0 f reactions each), The DNA .type vas reflected in the ' 
Ljatjvc! fluorescence intensities in each pair of completed 
Jollifications. There was a significant increase in fluorea- 
gpoc otily where a p-globin allele DNA matched the 
«rifl* cr 8Ctt ^ 1CD measured oa a spcctroflooroinctcr 
Mata not shown), this fiuoresccacc was about three times 
that present in a PCR where both p-globm alkies were 
nibitiRtchcd to the primer set. Gel electrophoresis (not 
shown) established that this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for p^lobin. There was 
iitdc synthesis of dsDNA in reactions in. which the allele- 
^pedfic primer was mismatched to both alleles. 

Continuous j*w»itoJT»g of a PCR* Using a fiber optic 
device? U is possible to direct excitation illumination from 
a spectrofl uoromete r to a PGR undergoing thermocyding 
and to return its fluorescence to the Rpcctrofttioromcter. 
The fluorescence readout of such an arrangement di- 
rected ri an EtBr-concaining amplification of Y*chroino- 
spmc spcci6c scqveoces from 25 r»g of Wnaan male DNA* 
is shown in Figure 5. The readout from a control tCR 
wHh no target DNA is also shown. Thirty cycles of PCR 
were monitored for each. 

The fhiorcsccncc trace as a function of time dearly 
shows the effect of the thermocyding. Fluorescence inten- 
sity rises and. falls mrCTsdy with temperature. The fluo- 
rescence intensity is minimum at the denaturauon tem- 
perature (<M°C) and maximum atthcanneaUn^extension 
temperature (SOX). la the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbcrraocycJcs, indicating that there is 
tittle dsDNA synthesis without the appropriate target 
DNA, and there is little if any We^huig of EtBr during 
the continuous illumination <>f the sample. 

Jn the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds of thc^ocyding, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable JeveL Note that the fluo- 
rescence minima at the denaturatiou temperature, do not 
significantly increase, presumably because at thh temper- 
ature there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluorcs-. 
cence increase at the aaneaHn^ temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed * DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-specific probe can enhance die specificity of DNA 
deteuuvu b> FCR. The cHnurwtkm of thcac processes 
means that' the specificity of this homogeneous Bssay 
depends solely on that of tCtL In the case of sickle-celi 
disease, we have shown that PCR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
appropriate amplification conditions, there is tittle non- 
specific production of cteDNA in the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required to do genetic screening, 
depending on the number of pathogens \n the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of a vinU genome that can be at the level of a few copies 
per thousands of host ceils*. Compared with genetic 
screening, which is performed or ceils containing at least 
one copy of die target sequence^ HIV xJetection requires 
both more specificity and the input of mote total 
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-» UV photography of PCR tubes containing ttnptfficMroiu 
using EtBr that are specific to viW-typc (A) or licwe (S> alleles of 
the human p-globin gene. The left of each pair of tiibcs contain* 
aM«-*pedfic primers to the wild-type alleles, the right tube 
primers to the sickte attek- The photograph was talcn after SO 
cycles of PCR, and the input DNAs and! the alleles jhev contain 
are indicated, pifty tog of DNA was used to bcraa FOIL Typmg 
was done in triplicate (3 pait* of PCRs) for each input DNA 
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nGtnff 5 Continuous rcaUhne monitoring of a PCR. A fiber optic 
was reed to carry excitation Jigfrt tn a PCR m progress aod also 
emitted light back to a fltforomctcr (see Expentncntal P^ocol). 
AmptificaBcn using human made-DMA specific pnracn in a JO 
starting with SO ng of human male DNA (top), or in a control 
PCR without DNA (bottom), were monitored. Thirty cydes of 
PGR were foJkwed for each. The temperature cycled between 
94*C (denaturadon) and 50*C (anneaUug and extension}. Note in 
the maie DNA PCR,. the cycle (time) depetWcot mercasc in 
fluorescence at the anneafin^extCDsion temperature, 
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DN A— up to microgram amounts— in order to have suf- 
ficient number* of target sequences. This large amount of 
stalling DMA tn an amplification sigfiitonUy increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs with targets in low 
copy-number is the formation of the **priraer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete whh 
true PCR targets if those targets are rare, "fhe primer- 
dimer product is of course dsDNA and thus is a potential 
source of false signal in this homogeneous a*$ay. 

To increase PCR specificity and reduce the effect of 
phmer-dixner amplification, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a single tube 8 , and the 
"hot-start", in which nonspecific amptitkarion is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 2 *. Preliminary resuks using these ap- 
proaches suggest tbac^njaner-dimer is effectively reduced 
and it is possible to detect the increase in Etfir fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10 5 celts. With larger numbers of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product Si rough a 5' "add-on" to . 
the oUgonudcotidc primer* 4 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
thermocycHng. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is already possible with existing instru- 
mentation in 96-well format**. In this format; the fluores- 
cence in each PCR can be auantitated before, after, and 
even at selected points during thermocycurtg by moving 
the rack of PCRs to a 96-rniaowcll plate fluorescence 
reader 20 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the excitation light and flu- 
orescent emissions to and from rmilupte PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure S shows that 
the larger the amount of starting target DNAj the sooner 
during PC.R a fluorescence increase is detected. Prelimi- 
nary experiments {Higuchi and Dollinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as it can be in genetic screening-^eontinuous 
monitoring may provide a means of detecting false posi- 
tive and false negative rc$u)u>> With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
resuks due to, for example,, inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
1 des— many more than are necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event before any test based on this 
principle is ready for the clinic, an assessment of h* false 
positive/false negative rates will need to be obtained using 
a large number of known samples. 

In summary, the Inclusion m PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples* 

EXPERIMENTAL PROTOCOL 

Human HLA-DQa geoe amplifications containing EOfr, 
PCRs were set up in 100 f*I votomes containing 10 mM Tris^HQ, 
pH 8.3; 50 mM KCi; 4 mM MgC^: S-$ units of too DNA 
polymerase (PeHtiiwEhwcr Genu, Norwalk, CT); 20 pinole each 
of human HLA-DQft gene specific oligonucleotide primers 
(>H26 and CH27 19 and approximate!; 10* copies of DQto PCR 
product diluted from a previous Reaction. Edwtium bromide 
ftU&r; Sigtw^ was used at the concentrations indicated in Figure 
2. Thcrmocydin^ proceeded for 20 cycles in a model 480 
thcrmocvclcr (Perkm-EJiuer Cetu*, Norwalk, CT) using a "step- 
cycle" program of 94*C for I min, denaturation and 6CrC for "30 
sec ^neafing and 72°C for 30 sec. extension. 

Y-chromosvxnc specific PCR. PCRs (100 ft! total reaction 
volume) containing OJt pgAttl JEtBr were prepared as described 
for HLA-DQa, except with dhTcrcnt primers and target DNAs. 
These PCRs contained J $ praotc each male DNA-specifie primes 
YI.l and Vl.** 0 , and cither 60 ng male, 60 eg female, 2 ng mak, 
or no human UNA. Thcrmocycling was W*CTor 1 nun- and 60*C 
for I min using a "step-cycle* program. The number of eyefc* for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment k described below. 

Allek-epccific, human £-gLobUi peo* POL Aroplinoaiions of 
100 fx>l volume vttng 0 5 pgfatl of XtBr were prepared a$ 
described for HLA^DQft above except with different primers and 
target DNAs. These PCRs contained either primer pair HOTtt 
Hp HA {wfloHype gobin speciEc primers) or HGF2/H|JH$ <skk- 
lc-globin specific primers) at 10 pmole each primer per PCR. 
Tr^ primers wrrc developed by Wu ct aL 21 . Three different 
tttgei »NA.« were used in separate amplifkatkmsr— 50 ng each of 
human DNA that was homozygous for the sickle trait <SS)> DNA 
that was heterojTgous for the sickle waH (AS), or DNA that was 
homozygous for Ac W.[- gob'm (AA). Thcrmocycnrtg wa* for SO 
cycles at 94*0 for 1 nun. and 55*C for 1 min. iwuvg fl "stcp-cyckf 
program. An anneaHog temperature of $S°C had necn shown fcy 
Wo et al. 2i to provide allae^pcrifk awpHtotion. Completed 
PCRs were pr*rtographcd uirough a red filter (Wratten 23A) 
after placing the rcaCoon tube* atop a model TM*S6 IransSHutni- 
nator (UV-products San- Gabriel, CA>. 

Fluorescence measurement. Fluorescence roeasureraen w went 
made on PCRs containing EtBr in a Fluorolog*2 fltiorometcr 
(SFEX, Edison» NJ). Excitation was at the 500 nra band with 
ahour 2 nm bandwidth with * GO 43S nm ojt^ff filler jMclles 
Crist, Inc.. Irvine. CA) to exclude second-order light. Emitted 
light was detected at 5 70 with a bandwidth of about 7 nm. An 
OG 530 nm cut-off filter was used to remove the excitauon 

Contitatou* fteomcence xnoiiftarmg of PCR. Conrinuoui 
monitoring of a PCR in progress was accomplished using mC 
cpectrofiuoroineter and setungB descrtbed Above as weW a* a 
fiberoptic accessory (SPEX cat, no. 1950) 10 both send exotauon 
Rgbt to, and receive emitted light from, a PCR placed in a well ol 
a model 480 ihexmocyclcr (Perkm-Elmer Cetus). The probe end 
of the fiberoptic cable was attached with "5 mmrtc-cpoxy" to im 
open top of a PCR tube (a 0.5 ml polypropylene centrifuge woe 
with its cap removed) effectively scaling L The exposed top ot 
the PCR tube and the end of the fiberoptic caWc were sinewed 
from room light and the rooto lights were kept dimmed during 
each run. The monitored PCR was an ampuftcauon of V-chro- 
mosomospecifk: repeat sequence* as described above, except 
using.an anncatingfextensiott temperature of 50"C. The reaction 
was covered with mineral oil (2 drops) to preveitt evaporation- 
Therrnocydinj and fluorescence measurement wre started si- 
. multancously, A time-base son with a 10 second migration' tone 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CD- 14 molecule is* expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD -14 is a receptor for lipopolysaccharide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
concentration of its soluble form is aftered under 
certain pathological conditions. There, is evidence for 
an Important rote of sCD-14.with polytrauma, sepsis, 
burnings and inflammations, 
During septic conditions and acute infections il seems 
to be a prognostic marker and is therefore of vaJue in 
monitoring these patients. 



IBL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -pfasma, cel|-cu*ture 

supewatants and other biological fluids. 

Assay features: 12 x 8 determinations 
(microliter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/mi 
detection limit: 1 ngjml 
CV: intra- and interassay < 8% 



For more information call or fax 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J A Flood, Jeffrey Marmaro, William Giusti, and Karin Deetz 

Perkin-Elmer, Applied Biosystems Division, Foster City, California 94404 




The 5' nuclease PCR assay detects the 
accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An increase 
In reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the 5' nucle- 
olytlc activity of Taq DNA polymerase. 
In this study, probes with the 
quencher dye attached to an Internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3 '-end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood of 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 -end nucleotide also exhibited 
an Increase in reporter fluorescence 
Intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybridiza- 
tion probes. 



homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et al. (l) 
The assay exploits the 5'->3' nucle- 
olytic activity of Taq DNA poly- 
merase^ and is diagramed in Figure 1. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FFT). (4 ' 5> During PCR, if the probe is hy- 
bridized to a template strand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' -> 3' nucleolytlc 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an Increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. C6) Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 



MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker aim nucleotide (LAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6<arboxyfluorescein (6- 
FAM) phosphoramidite, 6-carboxytet- 
ramethylrhodamine succinimidyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a 3'-blocking phosphate, 
were obtained from Perkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-labeled phos- 
phoramidite at the 5' end, LAN replacing 
one of the T's in the sequence, and Phos* 
phalink at the 3' end. Following de- 
protection and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide in 250 
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mM Na-bicarbonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore C 8 220x4.6- 
mm column with 7-pm particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0.1 m TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the LAN-TAMKA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRA at nucleotide position 7 from the 
5' end. 



PCR Systems 

All PGR amplifications were performed 
in the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-jjlI reactions that con- 
tained 10 mM Trls-HCl (pH 8.3), 50 mM 
KC1, 200 u.M dATP, 200 um dCTP, 200 uw 
dGTP, 400 pM dUTP, 0.5 unit of AmpEr- 
ase uracil N-giycosylase (Perkin-Elmer), 
and 1.25 unit of AmpliTaq DNA poly- 
merase (Perkin-Elmer). A 295-bp seg- 
ment from exon 3 of the human p-actin 



gene (nucleotides 2141-2435 in the se- 
quence of Naka]lma-ll|ima et al.) (7) was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al <8) Actin am- 
plification reactions contained 4 mM 
MgCl 2 , 20 ng of human genomic DNA, 
SO nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was 50°C 
(2 min), 95°C (10 min), 40 cycles of 95°C 
(20 sec), 60°C (1 min), and hold at 72°C. 
A 515-bp segment was amplified from a 
piasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) In- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgCl* 1 ng of piasmid DNA, 50 nM P2 or 
P5 probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), 95°C (10 min), 25 cy- 
cles of 95°C (20 sec), 57°C (I min), and 
holdat72°C 



Fluorescence Detection 

For each amplification reaction, a 40-yJ 
aliquot of a sample was transferred to an 
individual well of a white, 96-well mlcro- 
titer plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation fil- 
ter, and a S15-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
Q. value) using a 10-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the raw emission data. 
First, emission intensity of a buffer blank 
is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



TABLE 1 Sequences of Oligonucleotides 



Name 



Type 



Sequence 



ACCCACAGGAACTGATCACCACTC 
ATGTCGCGTTCCGGCTGACGTTCTG C 
TCGCATTAClGATCGTrGCCAACCAGTp 
GTACTGGTTGGCAACGATCAGTAATGCGATG 

CGGA'ITTGCTGGTATCTATGACMGGATp _ 
TTCATCCTTGTCATAGATACCAGCAAATCCG 

TCACCCACACTGTGCCCATCTACGA 
CAGCGGAACCGCrCATTGCCAATGG 
ATCCCCTCCCCCATGCCATCCIGCGlp _ 
AGACGCAGGATGGCATGGGGGAGGGCATAC 

CGCCCTGGACITCGACtCAAGAGATp 
CCATCTCTTGCTCGAAGTCCAGGGCGAC ^ 

VU"«f* v '" ^ 

For each oligonucleotide used in this study, the nucleic acid sequence b ^^"^3 
TJT^SZjh^ are three types of oligonucleotides: PCR primer, 

probes, the underlined base Indicates a posiuon where LAN with TAMRA attacne 
hiked for a T. (p) Hie presence of a 3' phosphate on each probe. 



F119 
RU9 
P2 
P2C 
P5 
P5C 
AFP 
ARP 
Al 
A1C 
A3 
A3C 



primer 
primer 
probe 

complement 
probe 

complement 
primer 
primer 
probe 



complement 
probe 

complement 
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A1-2 RAQGCCCTCCCCCATGCCATCCTGCGTp 

A1-7 RATGCCCQCCCCCATGCCATCCTGCGTp 

A1-14 RATGCCCTCCCCCAQGCCATCCTGCGTp 

A1-19 RatggcctcccccatgccaQcctgcgtp 

A1-22 RATGCCCTCCCCCATGCCATCCQGCGTp 

A1-26 RatgccctcccccatgccatcctgcgQp 



Probe 


518 


nm 


582 


nm 


RQ- 


RQ+ 


ARQ 




no temp. 


♦ temp. 


no temp. 


+ temp. 








A1-2 


25.5 ±2.1 


32.7 ±1.9 


38.2 ±3.0 


38.2 ±2.0 


0.67 + 0.01 


0.86 ±0.06 


0.19 ±0.06 


A1-7 


53.5 + 4.3 


395.1 ±21 .4 


108.5 ±6.3 


110.3±5.3 


0.49 ±0.03 


3.58 ±0.17 


3.09 ±0.1 8 


A1-14 


127.0±4.9 


403.5 ±19.1 


108.7 ±5.3 


93.1 ±6.3 


1.16 ±0.02 


4.34 ±0.15 


3.18±0.15 


A1-19 


187.5 ±17.9 


422.7 ±7.7 


70.3 ±7.4 


73.0 ±2.8 


2.67 ±0.05 


5.80 ±0.15 


3.13 ±0.16 


A 1-22 


224.6 ±9,4 


462.2 ±43.6 


100.0 ±4.0 


96.2 + 9.6 


2.25 ±0.03 


5.02 ±0.11 


2.77 ±0.12 


A1-26 


160.2 ±8.9 


454.1 ±18.4 


93.1 ±5.4 


90.7 ±32 


1.72 ±0.02 


5.01 ±0.08 


3.29 ±0.08 



FIGURE 2 Results of 5' nuclease assay comparing p-actin probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PCR amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 516 and 582 nm. 
Reported values are the average ±1 s.d. for six reactions run without added template (no temp.) 
and six reactions run with template (+temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and RQ + values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes for well- 
to-weil variations in probe concentra- 
tion and fluorescence measurement. Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ~) from the RQ value for the com- 
plete reaction including template 
(RQ*). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PCR as- 
say. These probes hybridize to a target 



sequence in the human p-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were In- 
cluded in PCR that amplified a segment 
of the p-actin gene containing the target 
sequence. Performance In the 5' nu- 
clease PCR assay is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PCR am- 
plification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ" depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ" values indi- 
cate that probes Al-14, Al-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant increase in reporter 
fluorescence when each of these probes 
is cleaved during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ" values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiendy the 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3'-terminal Nucleotide 



518 nm 



582 nm 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ" 


RQ+ 


ARQ 




A3-6 


54.6 ± 3.2 


84.8 ± 3.7 


116.2 ±6.4 


115.6 ±2.5 


0.47 ± 0.02 


0.73 ±0.03 


0.26 ± 


0.04 


A3-24 


72.1 ± 2.9 


236.5 ± 11.1 


84.2 ± 4.0 


90.2 ± 3.8 


0.86 ± 0.02 


2.62 ± 0.05 


1.76 ± 


0.05 


P2-7 


82.8 ± 4.4 


384.0 ±34.1 


105.1 ± 6.4 


120.4 ± 10.2 


0.79 ± 0.02 


3.19 ±0.16 


2.40 ± 


0.16 


P2-27 


113.4 ±6.6 


555.4 ± 14.1 


140.7 ± 8.5 


118.7 ±4.8 


0.81 ± 0.01 


4.68 ± 0.10 


3.88 ± 


0.10 


P5-10 


77.5 ± 6.5 


244.4 ± 15.9 


86.7 ± 4.3 


95.8 ± 6.7 


0.89 ± 0.05 


2.55 ± 0.06 


1.66 ± 


0.08 


P5-28 


64.0 ± 5.2 


333.6 ±12.1 


100.6 ± 6.1 


94.7 ± 6.3 


0.63 ± 0.02 


3,53 ± 0.12 


2.69 ± 


0.13 



p.; 



Reactions containing the indicated probes and calculations were performed as described in Material and Methods and in the legend to Fig. 2. 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg* + effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 * concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al-2 or Al-7), the RQ value at 
0 mM Mg 24 " is only slightly higher than 
RQ at 10 mM Mg 2 *. For probes Al-19, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg 2 * are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 mM Mg 2 * followed by 
a gradual decline as the Mg z+ concen- 
tration Increases to 10 mM. Probe Al-14 
shows an intermediate RQ value at 0 mM 
Mg 2 * with a gradual decline at higher 
Mg 2 " concentrations. In a low-salt en- 
vironment with no Mg 2+ present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 2 * ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5' end. There- 
fore, the observed Mg 2 * effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems the rhodamlne dye TAMRA, 
placed at any position In an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM In the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Singie-stxanded and 
Double-stranded Fluorogenic Probes 



518 nm 



582 nm 



RQ 



Probe 



ss 



ds 



ss 



ds 



ss 



ds 



Al-7 

Al-26 

A3-6 

A3-24 

P2-7 

P2-27 

P5-10 

P5-28 



27.75 
43.31 
16.75 
30.05 
35.02 
39.89 
27.34 
33.65 



68.53 
509.38 

62.88 
578.64 

70.13 
320.47 
144.85 
462.29 



61.08 
53.50 
39.33 
67.72 
54.63 
6S.10 
61.95 
72.39 



138.18 
93.86 
165.57 
140.25 
121.09 
61.13 
165.54 
104.61 



0.45 
0.81 
0.43 
0.45 
0.64 
0.61 
0.44 
0.46 



0.50 
5.43 
0.38 
3.21 
0.58 
5.25 
0.87 
4.43 



(ss) Single-stranded. The fluorescence emissions at 518 or 582 nm for solutions containing a final 
concentration of SO nM indicated probe, 10 mM Tris-HQ (pH 8.3), 50 mM KC1, and 10 mM MgQ 2 . 
(ds) Double-stranded. The solutions contained, in addition, 100 nM A1C for probes Al-7 and 
Al-26, 100 nM A3C for probes A3-6 and A3-24, 100 nw P2C for probes P2-7 and P2-27, or 100 nM 
P5C for probes P5.10 and P5-28. Before the addition of MgCl* 120 ud of each sample was heated 
at 95°C for 5 min. Following the addition of 80 »U of 25 mM MgCl 2 , each sample was allowed to 
cool to room temperature and the fluorescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 nm, If 
TAMRA is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PCR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe in the 
5' nuclease PCR assay. The first factor is 
the degree of quenching observed in the 
intact probe. This is characterised by the 
value of RQ " , which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PCR. In- 
fluences on the value of RQ~ include 
the particular reporter and quencher 
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FIGURE 3 Effect of Mg 2+ concentration on RQ ratio for the Al series of probes. The fluorescence 
emission intensity at 518 and 582 nm was measured for solutions containing 50 nM probe/ 10 mM 
Tris-HCI (pH 8.3), 50 mM KCl, and varying amounts (0-10 mM) of Mgd 2 . The calculated RQ 
ratios (518 nm intensity divided by 582 nm intensity) are plotted vs. MgCI 2 concentration (mw 
Mg). The key (upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe/ 0 

The rise in RQ" values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ~ values 
Is less clear-cut The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ" than the in- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ~ 
value. For the PS probes, the RQ" for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ". 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and P5 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not Increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PCR assay. In this 
assay, an increase In the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an Internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3 r to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3 f 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2°C-3°C reduction 
in T m has been observed for two probes 
with internally attached TAMRAs/ 9) This 
disruptive effect would be minimized by 
placing the quencher at the 3 f end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al. (1> demonstrated that aUele-spetifk 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the 5' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The increase in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion In real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other apr 
plications. Bagwell et al. <10) describe just 
this type of homogeneous assay where 
hybridization of a probe causes an in- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PCR amplifi- 
cation. 
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Wc have developed a novel "real time" quantitative PCR method. The method measures PCR product 
accumulation through a duaHandtd lluoroeenlc. probe {Lc„ TaqNtan Prota). This method provides ; vwY 
accurate and reproducible quantitation of gene copies. Unlike other quantitative PCR methods, real-time PCR 
does nor require poM-PCR sample handling, preventing potential PCR product carryover anamination and 
resulting In much faster and higher throughput assays. The real-Urn* PCR method has a very large dynamic 
range of starting target molecule determination (at least five orders of magnitude). ReaUIme quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis lias 
had nn important mle in many fields of biologi- 
cal research. Measurement of gent expression 
(RNA) has been used extensively In monitoring 
biological responses lo various stimuli (Tan ft al, 
1994; Huang el at. 199$a,b; Prud'homme et al. 
1995), Quantitative gent? analysis (T;NA) has 
Ix-en used to determine the genome quantity of z 
particular gene, as in the case of the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slamon ei -al. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency virus 
(ilJV) buTden demonstrating changes in the lev- 
vis of vims throughout the different phases of the 
disease (Connor et al. 1993; Platak ct al. 
Pintado et al. 1995). 

Many methods hav* been described for the. 
quantitative analysis of nucleic acid sequences 
(both for RNA and DNA; Southern 19/6; Sharp ct 
al. 1980; Thorns 1980). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (RTJ-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one ee.ll equivalent). This has made pos- 
sible many experiments that could not hove been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 
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that h be ural properly f«r quantitation (U»«y- 
maeKers 1995). Many early reports of quantita- 
tive PCR and RT-PCR described quantitation of 
the PCR product but did not measure the initial 
target sequence quantity. It is essential to design 
pn>i>cr controls for the quantitation of the initial 
target sequences (Hcrrc 1992; Clementl ct al. 
100?.) 

Kcitfthrchcxs have developed several methods 
of quantitative PCR and RT-PCR. One approach 
meastires PCR product quantity in the log phase 
of the reatiton before the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This method requires 
thai each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with Uluut ital efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
tities, such as p-aelln) can be used for sample 
amplification efficiency normalization. Usinn 
conventional me.thods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the target gene and the 
normalization gene), AnoOier method, quantity 
tive competitive (Qt>PCH, has been developed 
and Is used widely for PCR quantitation. QC-PCR 
relics -on the inclusion of an internal control 
competitor in each reaction (Bockcr-Andrc 1991; 
Hatak t:l al. 1993*,1>). The efficiency of each re- 
action is normalised to the internal competitor, 
a ninwn aiTinutu of internal competitor can be 
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added to each sample. To obtain relative q»'™t- 
tatlon, 1hc unknown large! PCR product is com- 
pared. with the known competitor \K''M product. 
Success of a quantitative competitive PCR assay 
relics on developing an tutcrmtl control thai a»r*- 
piirii-ft wiui the same efficiency as the uuget "> o1 * 
ceulc. The design of the coiiiputitox and the vali- 
dation of a mpllfl cation efficient*-':* icquirc a 
dedicated effort. Howevei', because QC^PCR does 
not require that PCR ptoducls be analyzed during 
the log phase of the. amplification, it is th« easier 
of (lie two methods to use. 

Severn I detection systems uiv used for quan 
Utativv PCR and RT-PCtt analysis; (3) agarose 
gels, (2) fluoresce-nl labeling of PCR products and 
detection with ln.n«T-induccd fluorescence using 
capillary elex:rrophoTcsia (Fasco ct a). 1995; Wil- 
liams ct al. 1996) or acrylajutdc gclst, and (3) plate 
captuttt'and sandwich probe hybrid l/.a lion (Mul- 
der el ah 1994). Although these methods prov**! 
successful, each method requires post -PCR ma- 
nipulations That add time to the analysis and 
may lead to hibu'aloty i on In mi nation. The 
sample throughput uf lliwc method* i.s limited 
(wilh I he v-xc.cptlon of the plate capture ap- 
proach)* »"<l, therefore:, these methods ore not 
well suited hti u>o demanding high sample 
Throughput (I.e., screening of large numbers of 
bit)tnwlc^ulcr. ui analy/.lng ;Uwnplva fwi diagnos- 
tics or clinical trials), 

I lore, we report the dcve.li >putcnt of a novel 
nssay for quantitative DNA analysis. The assay is 
based on the usr-wf the ,5' " nuclease assay first 
described by Holland et al. (1991), The sin-thud' 
uses i he 5' nucleate, activity of 7W</ polymerase to 
el cave a non extendible hybridization probe dur- 
ing t>ir extension phase of PCU. The approach 
usts dunl-labelcd fluorogcnic hybridisation 
probes (Lee et ah 1993; Hosslcr ct ill. 1995; Uvak 
el al. l£9£o,b). One fluorescent dye serves us a 
reporter (FAM (i.e., G^carbox /fluorescein)! and ils 
emission spectra is quenched by the second fluo- 
rescein dye, TAMRA (I. ft., 6-cnrboxy-tetramethyl- 
rhodaminc). The nuclease degradation of the hy- 
hrUll/atton probe releases the quenching uf tile 
I'AM fluorescent emission, resulting in an In- 
crease In pea.k fluorescent emission at S3 8 nirt. 
The use Of a sequence detector (All J Prism) allows 
measurement of fluorescein spectra of all 96 wells 
uf rite i normal cycler continuously during the 
TCK amplification. Therefore, the reticUuua «je 
monitored in real lime. The output data is de- 
scribed and quyjimattvc uiutlysb of input tuigei 
DNA sequences ts discussed below . 



RESULTS 



PCR Product Dercctlon in Real Time 

The goal wax to develop a high-throughput, sen- 
sitive, and accurate gene qiunrihatlnn assay for 
U5C In monitoring lipid mediated therapeutic 
gene delivery. A plasmld encoding human factor 
VU1 gene sequence, pI-STM (*c*. Methods), was 
used as a model therapeutic gw"«- 'N™ as * BV x} * c<i 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Alll Prism. 7700 Sequence ncirclnr). Ihe 
Taqman reaction requires » hybridisation pmhe 
I allied witli two different fluorescent dyes. One 
dye Is a reporter dy« (1**AM), the other is * quench- 
ing dye (TAMRA). When the proU: i.s intact, fluo- 
icsccnt energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAKfRA). During the extension 
phase of the PCR cycle, the fluorescent hybrid- 
Ifeillon probe u cleaved by the S'-.'V nucieolytic 
activity of the ONA polymerase. On cleavage of 
the probe, the reporter dye emission Is no longer 
transferred efficiently to the quenching dye, re 
su J th ik In an Increase of the reporter dyu fluores- 
cent emi.-wlmi f»p*ctra. VCR primers und probun- 
were dotgned f^» I his human fiiclor V11J se- 
quence and human p-actln gene (a* described in 
Methods). Opiiuiizntion reactions were per- 
formed to choose the appropriate probe und 
-magnesium concentrations yielding the lushes! 
Inteiwily of reporter fluorescent signal without 
sacrificing specificity. The Instrument u;;cs a 
chargt:>cotipJcd device (i.e., CCD camera)' for 
measuring the fluorescent emission ypeetm from 
FAX) t«» Cm$0 nm. liach VCAX tube was monitored 
.setjuentiiilty far 2& m.*»«e with ei>ntInuous moni- 
toring throughotlt tlie aiu|ilifieiilitm. li&ch tube 
won rc-cxamlned every 8»5 »ee. Computer soft- 
ware, was deigned to examin? the fluorescent in- 
tensity of both the reporter dy« (KAM).and 
the quenching dye (TAM11A). 'J'he Ituoresccnt 
intensity of the quenching dye, TAMUA, changes 
very little over the course of the PCR ampllfl* 
cation (data not shown). Therefore, the Intensity 
of TAMllA dye omission serves as »n internal 
.ilaiidtird with which to norniulbAi the reporter 
dye (l : AM) emission variations. The .software cal- 
culated a value termed ARn (or ARQ) using the 
following etpjatjon: ARn - (Un J ) (Ilii'), where 
Kn 4 . ernlKHtuji inlensity \>t lojxirier/emission in- 
tensity of quencher at any given time In o-rcne 
rlou tube, and Rn r- emission intemitily of re- 
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poncr/cmlsslon Imvnwly "f quencher measured 
prim U; TCK ampISiicatioii in ih;ir same reaction 
tube. J'or the purpose of quantitation, the 1*>m 
three data points (ARns) collccteil during the ex* 
tension step for each 1 J C:K cycle were analyzed. 
The micleolytic degradation of the iiyumlifctdnn. 
probe occurs during the extension phase or rut, 
and, thurefore, reporter fluorescent anis&juiv in- 
creases during this time. 'Hut thieu data points 
were averaged for cacJi cycle and the mean 
value fur each was plotted in an "ampilHcatlon 
plot" shown In Wflure ] A- The AKn mean value is 
piqued on the y*axls, and time, represented by 
cycle number, is -plot led on thv*-axis. DurlnR the 
early cycle* of the TCA\ amplification, the ARn 



value remains at base line When .sufficient hy- 
bridization probe has been cleaved by the Tiu) 
ix>lymcra»c nuriftAW Activity, the intensily of re. 
porU-r Huoratccrti emission increasee.. Most \Kl)\ 
anipUfiudions reach u plateau phono of reporter 
fJuoromil emission If the reaction Is carried out 
to high cycle iJUiiibviN- The- a/nplificallon plot )9 
examined uaily in th* reaction, ut a point lhai 
i (.-presents ihe log phflSC of product acniTHUla* 
turn. This Js done by assigning an arhiUasy 
ihfcshoki mai is bmscd on the variability of the 
base-line dMU. hi figure 1 A, the threshold whs set 
ax 10 standard deviations above, the mean of 
Viam* line emission calculated from lydcn 1 lo 1 5. 
Once the threshold Is chosen, the point at which 
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Figure 1 PCR product detection in real time (*) The Model 7700 i0 flware will "2^^-?'!? 
frSTthe extension phase fluorescent emission data collected during the PCR amp Ifica .on. The standard de- 
Sr o n is deleted" from the data points coiled from the base Rne rf Vo'SS he 

calculated bv determining the poinl ai which the fluorescence exceeds a threshold llrnrt Qusually 10 ™* 

nd deviatfonS the base Hne). (8) Overlay ot amplification plots of serially (1:2) diluted human genomic 
^ d £5itSii with p-actin priUs. (6 Input DNA concentration of the samples ptettedjj^ 
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the amplification plot crotseo the* threshold is du 
fined as C,. C r is reported u* the cycle number at 
this point. Ar will be demonstrated, the CI, .valor 
Is piediidve of the quantity of input tnrgv.t. 

Cj Values Provide a Quantitative Measurement' of 
Input Target Sequences 

Figure IB shows amplification plots of li»<dirT«5>- 
tail PGR amplifications overlaid. The amplifica- 
tions were performed on a 3 :2 serial dilution •us 
human genomic J)NA. 'i*hc amplified target w:u 
human (J nctin. The amplification pi oft* shift to 
the right (to higher threshold cycles) ns the input 
target quantity is reduced. 'J his is expected ho. 
cmuku reactions with fewer starting eopitw of tho 
target molecule require greater amplification to 
degrade enough probe to attain the threshold 
fluorescence. An arbitrary threshold of 10 'stan- 
dard deviations above the base line was used to 
determine the O r values. Figure 1C represents the 
O,. values plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
PCR amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease linearly with increas- 
ing target quantity, Thus, G r values can be used 
as a quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6-ng sample shown In Wgurc 
IB does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves imdpoint pla- 
teau at a lower fluorescent value than would be 
expected based on the input DNA. This pheiiorn- 
cnon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothc sis is 
still under investigation, it is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated C, value us 
demonstrated by the fh on Ihr line shown m 
Figure 1 C. All triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a >1 00,000-fold range of input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range ol II u ore seen 1 in- 
tensity measurement of the. AIM I'rlsm 7700 $e- 
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merits over n very large r;m$>i» of rMaltvr* starling' 
target quantities. 

Sample {^reparation Validation 

Several parameters influence the efllclenry nf 
PCM amplification: magnesium and sail concciv 
nations, reaction conditions (i.e., time htk! icm- 
perature)# PCH target size and composition, 
primer sequences, and sample purity. All of The 
above factors are common to a single P( III assay, 
except sample to sample purity, in an effort to 
validate the method of sample preparation for 
the iactor Vlli assay, PCK amplification reproduc- 
ibility and eJficicncy ol 10 replicate sample 
piejxaratioiis were examined. After genomic DNA, 
was prepared from the 10 replicate samples, the 
UNA was quantltalcd by ultraviolet spectroscopy, 
Amplifications were performed analyzing p-aciln 
gum: content in 100 and 25 ng of total genomic 
DNA. Each PCK amplification was performed in 
triplicate. Comparison of C r values for each trip- 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Tabic 1). Thercforci each ol the triplicate PCR 
amplifications was highly reproducible, demon- 
strating that real time PCK using this instrumen- 
tation introduces minimal variation into the 
quantitative J'CU analysis. Comparison of the 
mean C n values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for p-acttn gene quantity. The highest 
difference between any of rhe samples was 0.85 
and 0.73 for the 1(H) and 25 ntf samples, respec- 
tively. Additionally, the amplification of cadi 
sample exhibited an equivalent rate of fluoro 
cent emission intensity change per amount of 
DNA target analyzed ns indicaied by similar 
slopes derived from (he sample .dilutions (Fig. 2). 
Any sample containing an excess of a 1 J C)< inhibi- 
tor would exhibit a greater measured 0-actin C r 
valuc for a given quamliy of DNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (l-ig, %), altering 
the expected C,- vaiue change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible wllh regard to 
sample purity. 

Quantitative Analysis of a Plasmid After 
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Tablo 1 . Reproducibility of S*mpU> Preparation Method 



100 ng 



Samplo 

no. Cr 



standard 
m£an deviation 



CV 



1 18.24 
18.23 

- 1 0.33 1v.27 0.06 

2 1833 
18.35 

1M4 1BA7 0.06 

3 18,3 
18.3 

18.42 18.34 0.07 

4 18.15 
18.23 

18.32 13.23 O.OB 

5 18.4 
18.38 

18.46 10.42 0.04 

6 18,54 
18.67 

19 18.74 0.21 

7 18.2B 
18.36 

18^2 18.39 0.12 

8 18.45 
1B.7 

18.73 18.63 0.16 

9 18.18 
18.34 

1B.36 18.29 0.1 
10 18.42 
18.57 

!B,fi6 18.55 0.12 
Mean (1 10) 18.12 0.17 



0.32 

0,3? 
0.36 
0.46 
0,23 
1.26 
0.66 
0.83 
0.55 

0.6S 
0,90 



25 ng 



20.48 

20.55 

20,5 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20,63 

21.09 

21.04 

21.04 

20.67 

20.73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



mean 

20.51 
70.54 



20.43 



21 .06 

20.68 

20.86 

20.51 

20.73 
20.66 



standard 
deviation 



0.03 
0.11 



20.54 0.06 



0.05 



20.73 0.13 



0.03 

0.04 

0.12 

0.07 

0.1 
0.19 



cv 

0.17 

0.54 

0,28 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.16 
0.94 



tor containing a partial cUNA for human factor 
VIII, p» ; 8TM. A scries of transections was set 
up ustnjs, a decreasing amount of the plasmid v (40, 
4, U.5, and O.l jjug). Twrimy-roor hours pn.st- 
t ran* feci ir»n f total IWA waj purified from each 
flask ufirlh.(^*Acliii gene quantity waschux-n 
a value for normali^at iuii or genomic. ONA con- 
ccntrciUon from each stunplc. hi this cxpeuinvitt, 
ii-actin gene content should remain constant 
relative to rotal genomic DNA. Figure M shows llje 
result of the p-actln DNA measurement (300 ng 
total DNA determined by ultraviolet spectros- 
copy) oi each siiiuplfc. Kach sample Wfl* analyzed 
in triplicate and the mean |i-actin Cr values of 
the triplicates were plotted (error bars represent 

c *.,-,,Ur*n HMviJi>orn "I h*» hlPh*»ST cliffrrrnrp 



betw<mn any two sample* moans was 0.9S C,- Ten 
nanograms of total UNA of each sample were also 
examined for p-actln. Ihc results «£uJn sliwwcd 
that very similar amounts of genomic 1>NA were 
present; 'tin: maximum mean p actio C":, value 
difference wa.s 1 .0. As figure 3 shows, the r;ile of 
(1-actlM C r change between the 100 and 10-ng 
sajnxalcA was simitar (irfopo values r«ng« hutwoon 
3.56 and -3.45). This verifies again that the 
method of .sample preparation yields sajnplos of 
identical PCR integrity (i.e., no sample contained 
an excessive atnuuul of a VCR Inhibitor). ITnwv 
ever, these results indicate that each sample con 
taincd slight diffeiences in the actual amount of 
genomic 1>NA analysed. Determination of actual 
uuuuuiic l>NA umccrrt ration wos accomplished 
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Figure 2 Simple preparation purity. 1 he replicate 
camples shown in Table 1 woro also amplified In 
tripicate Cuing 25 ng of each DNA sample. The fig* 
uife shows the input DNA concentration (TOO and 
25 ncj) vs. C, In 1h*» figure, 1h<* TOO and PH nrj 
pofiHs (or each sample are connected by a line. 



by plotting the mean j&-act>n O, value obtained 
for each 100iig sample uu .1 p-aciln standard 
i-urve (shown In J'ig. 40). The oclu.il genomic 
ONA concent r«f * «»» of each sum pit:, was ob 
ulncd by extrapolation to thu * uxU. 

Figure 4 A shows the measured (t.u., m)A« 
normalised) quantities, uf factor VJ)J plnamid 
ONA (pIWM) from each of tin: four transient cell 
lran*fcctioivv Each reaction contained 100 ng of 
total sample DNA (as determined by UV speetro* 
copy)- ]r * ac h sample was analyzed in tri plicate 
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Figure 3 Analysis uf Imnsfectcd cdl DNA quantity 
and purity- I he DNA preparations of iUu four 293 
ceil transfeciions (40, A, 0.5, and 0.1 jxg of pF8TM) 
were analysed for the 0-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM thai was transfected, the (d-aciln 
C T values are plotted versus the total Input DNA 
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TCU amplifications. As shown, pFBTM purified 
jfioie Jbc 293 cells decrease.*; (mean C, values in- 
CTtr.t*ej with decreasing amounts of plaamld 
,mutsti'UC<t The mean C L values obtained for 
pWTM inTigure 4A were plotted on ;i standard 
curve comprised uf swiiully diluted pKKTM, 
shown .in figure 4R. The quanllly ui plWM, b, 
found in each of the four iranKfoctlonR w;\s de- 
termined by extrapolation to the x axle of the 
standard curve In Figure 4K. Thitsc. uncorrected 
values, b, for pVKTM were normall^-vd to del er- 
mine Uie actual amount of pl*81M firund per 100 
ng of genomic I*>NA by using Ihe equation:. 

(y X 10 0 ng ucmal pFSTM copies oer 
r 100 ns of genomic IWA 

whore a - actual -guiuuiic DNA in u sample and 
b ^ pl : 8'l*M copica from the standard curve. 'H»e 
normaJir.cd quantity of pt'BTM per 100 ng of ge- 
nomic ONA for each of the four 1 ran.Vfectlon.s Is 
Known til figure 4JJ. 'Hic«e rr^ulbi .show vilflt the 
quantity of factor Vlll plasiutd ii^oclated wMli 
the cells, 21 lir after irujusfvcii*"!, di:4.ii:.ise.s 
with decreasing pJHMnu) ujut.tiiuiatjoij u.sett hi 
the iraiufecnion. 'Hie quantity of pi'tt JM nwocJ- 
ateu with 293 cells, aftei transfectlon with 40 ixg 
of pii^inid, was 35 pg per 100 ng genomic 1)NA< 
Tills results in -520 plasmid copies per cell. 



DISCUSSION 

wo have described a new method for <ju on ting- 
ing gene copy numbers using real-time analysis 
of PCK amplifications. ReaMlmc PCK is compat- 
ible with Cither of the two PCK (KT-PCR) ap- 
proaches (1) quantitative com factitive where Ail 
iiilciiiiil competitor for each target sequence iy 
used for normali>:QUon (data not shown) or (2) 
quantitative comparative J'CK usJny *> uunnctlikjcj- 
tton gene contoined within the sample (I.e., p-nc- 
tiii) ox d "housekeeping" gene for RT-PCK. If 
equal amounts of nucleic ucid are analyzed for 
cacti saittplc and if the ampltflcatiun effkirncy 
before quantitative analysis is identical for'enc.h 
sample, the iTirernal cunt ml (nwjma)i^ilion gene 
or competitcjr) should give equuJ signals for alJ 
samples. 

The real-time PCK method offers several ad- 
vnnlages over the other twtj methods t;urrctuly 
employed (see the Introduction). I : irst, the real- 
time PGR method is performed in a dosed-tube 
system and requires no pnst-PCR manipulation 



From : BML PHONE No. : 310 472 0905 Dec. 05 2002 12:24AM PI? 



HMO LI AL 




Figure 4 Quantitative anolyKi* of pF8TM in transfccted cell*. (A) Amount of 
plasmid DNA used for f he trnnsfeciion plotted against the mvun C, vutue deter- 
mined for prfiTM remaining fa hr alter transaction. (Q,C) Standard curves of 
ppRTM and fi-aciln, respectively. prSTM DNA (0) and genomic DNA (Q were 
diluted SArially 1:5 before amplification with the appropriate primer*. The p-actin 
standard curve w«u* used to normalise the results of A to 1 00 mcj of genomic DNA. 
<0) The amount of pF8TM present per 100 ng of genomic DNA. 



of sample. Therefore, lhi» potctitinl for rCU con- 
in ml notion in the laboratory is reduced because 
a m pi 1 fled products cun ln» yunlyy-ed and disposed 
of without opening the reaction tubes. Second, 
this method suppoiU the um? of a nurm;ilixiitk>n 
gene (Lc, P-actin) for quantitative PGR or house- 
keeping genes for quantitative RT-l'Ck controls. 
Analysis is performed in real lime during the Jog 
phase of product accumulation. Analysis during 
lug phase permits many different genes (over a 
wide input target range) to be analyxcd simulta- 
neously, without concern of reaching reaction 
plateau at different cycle*. This will make mull I- 
gene analysis assays much casta i lu develop, be- 
cause individual internal i.wiripciluu> will not he 
needed for coch gene under analysis. Third, 
.vwnplc throughput will iiu.iea>e Uramalitediy 
with the new method because there is no |>oM« 
IX'M processing time. Additionally, won king in a 
VG- well format is highly compatible with auto- 
mation technology. 

The real-time PCR method is highly repro- 
ducible. Replicate amplifications can be aunlygeU 



for <?ach sample minimizing j>otcntl«l error. The. 
.sysiitin allows for a very large assay dynamic 
runge (approaching 1,000,000-rold starting Uh- 
gel). Ualug u .standard curve for the target ot in- 
terest, relative copy number values can be deter- 
mined for any uiikmjwii .Mjn;pk\ Fluorescent 
threshold values, O p conduit*, linearly with rela- 
tive DNA copy numbers. Ileal time quantitative 
KT-rCK methodology (Gibson et al., this Luutt) 
ha* also been devetl oped, finally, real time quan- 
titative I'CU methodology can be used to devclup 
high-throughput screening away* for ?i variety of 
applications [quantitative gene c*fjea»iuu (KT- 
rCH), ganc copy nxxayx <ltcr£, III V, ClC.), gcm> 
typlng (knockout mouse analysis), and Jmmuiiu- 

rcuj. 

Real-time Pt!tt may ad no l>e performed using 
intercalating dyes (Hlguchi ct al. such as 

cf-hJdmrn bromide. The fluorogenic prohe 
method offers a major advantage over inter- 
calating dyes- -greater specificity (i.e., primer 
dimers and nun specific. PCR products are not de- 
tmed). 
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METHODS 

Generation of d Plasmld Containing a Partial 
cDNA Tor human Factor YIll 

TOVHI RNA wo harvrMed (UNAw'» » Otmi Tol Test, Inc., 
J-DC-ndawood, TX) from culls* I »-.iwfcclett with a factor Vlll 
rxpressJun vector, pCJS2.tk45l> (Koton el Ml. 1VH6; Cor. 
mnrt ei al. 1990). A facior VIU partial el)NA wpirruv WAS 
^iiu-rnlc-d by irj' KM* ICouoAmp |<Z tTlh llNA PHI KH 

(pan N«oK-ur/y, rt Applu-o isiosystcms Vmwt CMy, tlA)j 

using l he Pent primer* ) : 8for nml Ittrcv (prime sequence* 
arc shown below). Thi- ampllcon was /©amplified UAlng 
modified iWor. and Wrcv primers <npi>cmUsl wMh HumIU 
unci HwdUJ rcslrictlon she sequences m <l>v V epdj and 
clonal i"i<> ptiKM- 3Z (Prornt-gu CUirp.. Mttilwou, WI). The 
resulting clnnc, ppgTM, was used l«r transient transfectlon 
erf 293 cell*. 



Amplification of Target DNA ami Ducciion of 
Amplicon Factor VIII Plasmid DNA 

(pVHTM) was amplified with I he p»imvii l*Bfor S'-CX.C- 
CirCKX^ACiAUIiXJAtXMOTCT and (*»rcv .v-AAA<;<rr- 
t^CCXrrOGA'J'CUjTAOCi-S'.ntc rvneliun p/vducrd « '122- 
np i*CK product. The fnrwurd primer was denned to icv 
ngnlxc u unique Mijuvitu* ftmiid In the .V untranslated 
rcy t )tm o( thu ^nuciit pCl32.8\Z5l> p Id mm hi and lluucfofc 
does not icuugnUu * >M ^ amplify uV* human factor Vlll 
gem*. I'rimnrft wore cIiokqu with the avsivWnre of I he <M)in. 
pulcr program Oligo 1.0 (Nutiimul Itiiwcicnces, Inc., l*ly- 
mouth, MN). The human p-actl" gt*no whs amplified with 
lUc primer* (J-tu-lin ftirwar J primer S'TCACCCACA<:T<:T 
GCCCATCriWCOA-.V and p-actiu reverse piiwcr V.( !A(;. 

COG AACCC(rr<:A'rr(i<:c.AA'J'GG-3'. The reaction pro- 
ciuceo a iV5-hp pc.it product. 

Amplification reaciions (SO jjd) amutiiwd a PNA 
sample. 10 X PGR Buffer II & »\), 200 jlm dATP, dC.TP, 
dGTP, and 400 p,M rillTP, A \nu MgGI ? , Unlis Ampll 
rat} t;na poiymcifl*c, u.5 unit Ainpwnsv wracli N-«iy- 
wwylttw {UNO), fiO pinok- of each faciei Vlll jtrlnivi, und 15 
pHiolt* tif iiuoh p Acttr) pilnicr. 'Hut i<*ac*tlwi^ uko ctmlatucd 
000 Of Ihe foMowlnj; detect Inn pmhrs (HMJ hm r»rli)j 

1'Hjirt.iic A'(VAW)Ac:crrcri , c:cu<:<:T<icrn , trrrr<:rt: , r. 

GCCTT(TAMRA)p 3 r «ucf p-titiin ^rabc 5 f (TAM)ATUf.U:c;- 
XCTAMKAJCCCCCATCCCATfip-.T wlirrr p indicates 
phmphoiylnlmn nnd X IndicotCA a linker arm nucleotide. 
Reaction IuIk*? wrtx* ?vtit:n>An\p Optical VuIks (part num- 
UtNHOI 09.1.^, I»cridn Utniur) tiwi wvfv f rofttwl (m! IVrlitu 
F.lnicr) pro-cut li^M from reflect I up, ')\il>c cap* were 
slmil.tr in Mit*n>Aiiip C^nps l>ul spceially dtaifiiicd lo pre- 
vein ll^ht svatlcrhig. All <ti th<* t'CU t.Ufti/iuinul>U-* were 
I'ltai Ivy PK Appllird lHofiy»t<-ni9 (Po»Ut CMy, CA) except 
ihc factor VIU prhutrra, wlikO* wnr syMlhrsi/ed a I Cenvit 
tech, Inc. (South Trmiclsco, CA). Prvhe-y ww dc*slyiifd 
using the Oliyr.i 4.0 .v> ft wore, follmvhii; g»Ulc»Hiics mik- 

iiCMc<i in tnc Modd 7 700 '.sequence Pctwn>r hi.itimiK'fif 
manual. HrtcHy, probe T m ^mhiM h«* fti Jcoat 5 U C })l«licr 
mail n»f amu'ttlliiK leui|A*Mhirc U1 >^ during (hrrmul cy- 
rhtigj primes sh(5\dd nt»l fcnoi M«ibW dviplexe^ wild ihe 
probe. 

The thcnunl fydlng condittoivs Inrluded 2 iuln ftt 
50 V C and 10 niin al 9S"C. Hirj-iiial tycling proceeded with 



reactions were perfonued *m» <h«' Modol 77(11) Sequence IV* 
titiof (PC ApplH'd Wusyvluuiv) f wihlch cuntaUis a Gcnr. 
Anit> W:U. Systwm Ucaclton condition^ w<*rr- pvo* 

gruuiiucU uit a l'ww« Macinttwh /10(i (Apple C>.'n»pn(Pr, 
Ronto Clara, t^V) UnkcO diwly to the Model 7700 
tjucnw Uilffctor. Aiia'y*** * ,f * : - aU alw - 1 l**""™^ ° n 
the M« tnt<rth compviter, Collortton and analy»:tK tnftwaro 
w-« developed Hi 10% Applks.1 Hlosystuins. 

Transection of Cells with Factor Vlll Coiulrucl 

Vnw ri7.S naskfi of 293 cells {A'VCX: CM. J 57H). a human 
feiol kidney nHtpeiifiion cell Un« # wvrv 8"' w n l»> S^^* con- 
fluency trawferted ftl-'tri'M. Cells wore Rrowu in tho 
tollnwlng media; S0% HAM'S withom OUT, 50% louo 
glucose J)vtJlH;(H,N>^ inudlflrd Kaxlc inoditiin (] JMUM) with- 
enn glycine wtlh sodium bicarhnnatc, 10% iewl Uwinc 
scrum, 2 ihm L-glul«inii)c, and 1% pcniolJin-strcptomy- 
win. The media w« clt»"f,'cd 30 roln *>»e transfee 

tioh. plOTM DNA amounts of 40, 4, 0^, nnd 0.1 ^i; were 
iiUilccI io 1..S ml of n sulutJun conialninR 0.125 m ClaCl,/ 
And 1 x lliun^. The four mixture* were left at won tein- 
pOTiuri- Uu TO mln and iheti ud«U-«l HwipwLw lo the cells. 
The n«>k> •vvir.ini.ol^lcd al 37°C an<1 5.% t'lO;. for 24 hr, 
cashed with PlUi, i»»d txuuApcndcd In PUS, 'I'he M'kh.m 
jK-niKrd cells were divided intv ulujuols and DNA wAd cv- 
tnicted Inmicdlutcly usiiiR the QIAump Rl**«Ki Kit (Qiapen. 
aiauwortl), <Mr DNA vy ( is clulcd Into 200 >U ul 30 n.u 
TcWirJolpI18.0. 
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Contributed by David Botstein and Arnold J. Levine, October 21, 1998 

ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line CS7MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (**) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressible promoter, and {it) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3/3 (GSK-30) resulting in an increase in 
|3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
0-catenin levels (9). APC is phosphorylated by GSK-30, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-p superfamily, and the 
homeobox genes, engrailed \goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. . 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 jxg of poIy(A)* RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 ^g 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP- J were isolated by screening a AgtlO mouse 
embryo cDN A library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 jiM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and giyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-ampIified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiageh) from the pooled blood of 1Q 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2 (Act > where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The WASF-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/ Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. I A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-foid) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WW-/ 'were isolated and the 
sequence compared with mouse WISP-1 . The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ~40,000 (M t 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ^27,000 {M T 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 



C57MQ 
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Fig. I. WISP- J and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 fig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP-1- specific probe 
(amino acids 278-300) or a 190-bp W75/ 5 -2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (fl). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined, 

position 197. WlSP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially, related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISPS cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 14). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 35) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fic. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and J5). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISP s was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2, Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 



T 





Fig. 4. (A, C, £, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and f), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3,l. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). . 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each, colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. {A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with £coRI (WISPrI) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 
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mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed, by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through 0-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-0, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v /33 serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-01, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply W1SP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP4 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and 0-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQK were dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cell -proliferation assays were 
done essentially as described 20,11 . Briefly, after antigen pulsing (30ngml~' 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 M-Ci of 3 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 p-g TTCF with 0.25 p.g 
pig kidney legumain in 500 uJ 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides HIDKEEDI, HIDN(AT-glucosamine) 
EEDI and HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy-methylated human transferrin followed by 
concanavalin A chromatography 11 . Clycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin - 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml"' pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgrnf' a- 
cyanocinnamic acid in 50% acetonitrile/0. 1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown), DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3' mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo3L/TWEAK 8 '*, or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 fjLgmf 1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of' mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the/V-linked glycosylation site (asterisk) are 
shown, b, Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer ceil lines. PBL. peripheral blood 
lymphocyte. 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes 1 '' 4 " 16 . Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from ^-65% to 
—30%, with half-maximal inhibition at — lp-gml" 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune- cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune- cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFR1 -Fc (doned line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythrin- 
labelled cells, b, 293 cells were transfected as in a and metabolicaiiy labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1 -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Ftag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) 18 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 ' 1 *. . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a. Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL;.5ngmr') oligomerized 
with anti-Flag antibody (0.1 n-9 ml" 1 ) in the presence of the proposed inhibitors 
DcR3-Fc, Fas-Fc or human IgGt arid assayed for apoptosis (mean * s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Flag.ptus anti-Flag antibody 
as in a. in presence of 1 ug ml - ' DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interleukin-2. 
followed by control (white bars) or anti-CD3 antibody (rilled bars), together with 
phosphate-buffered saline (PBS), human IgGl. Fas-Fc, or DcR3-Fc (10 u.g ml -1 ). 
After 16 h, apoptosis of CD4* cells was determined (mean s s.e.m. of results from 
five donors), d, Peripheral blood natural killer cells were incubated with 5, Cr- 
labelled Jurkat cells in the presence of DcR3-Fc {filled circles). Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 5, Cr (mean ± s.d. for two donors, each in triplicate).- 
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Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d. f, g, h, j, k, r). seven squamous-cell carcinomas (a, e, 
m, n. o, p, q), one non-small-cell carcinoma (b). one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means z s.e.m. of rive experiments done in duplicate, c, In situ hybridization . 
analysis of 0cR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward, Rev and Fwd), the 
DcR3-linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
ihducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG\ which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. O 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
lgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 u.g), together with pRK5 encoding CrmA 
(2p,g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-I:c or TNFRl-Fc and then with phycoerythrin -conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 Slcysteine and [ 35 S] methionine (0.5 mCi; 
Amersham). After 16h of culture in the presence of z-VAD-fmk (10 u.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5u,g) t followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 u.g) (Alexis) was incubated 
with each Fc-fusion protein (1 u.g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25 u.g) was 
incubated with buffer or with DcR3-Fc (40 u.g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 u-1 aliquots into microti tre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL ho mo trim ers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess lgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3 + lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 fig ml -1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml" 1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4 + cells 14 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16h with 51 Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human lgGl. 
Target-cell death was determined by release of 51 Cr in effector- target co- 
cultures relative to release of 5l Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (TI59), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3 -specific primer sequences were 
5' -CI TeiTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 (ACT) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous E coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nudeo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and E. co/i'* 3 " 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity*, and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded (B- 
sheet (p3 and (38-012) spans both arms of the L, with a domain of a 
a- plus P-type structure (pi t (32, (34-07, al and ot2) on one side 
(within arm I) and a domain of mostly ot-helices (a3-ct9) on the 



arm I 




Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A, comparable to that of membrane. a-Helices 
are shown in orange and B-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The (J-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a, towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in Vibbon* and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time,. was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post -PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. int. I 
Cancer 78:661-666, 1998. 
© 1998 Wiley-Liss, Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et al, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ (1 lq 1 3), and erbBl ( 1 7q 1 2-q2 1 ) (for review, see Biecheand 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbBl proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Bems et al, 1992; 
Schuuring et al, 1992; Slamon et al, 1987). Muss et al (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage rumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et al, 1996; Heid et 
al, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et ai, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (iii) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi -automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndJ and erbB2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients al the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular- weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3, in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et ai, 1994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N*\ and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbB2) 

N = = . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DN Agency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
ng of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 1 0-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at — 80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCI 2 , 1-25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates Q and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbBl proto-oncogenes, 
and the p-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 10 5 copies. 

Copy-number ratio of the 2 reference genes fapp and albj 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-rumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 ! (A9), 10 4 (A7), 10 3 (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app. 21q21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et ai, 1 994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA, The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erb52 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean 0.9 1 ±6.19) for erbB2. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erbi?2 gene dose in breast-tumor DNA 

myc, ccndl and erbB2 gene copy numbers in the 108 primary 
breast tumors are reported in Table 1. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erb&2 (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbB2, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (T118). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbB2 copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbB2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbB2 amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N ^ 5). However, there were cases (1 myc, 6 ccndl and 4 erbB2) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND crbBl GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 


2-4.9 




myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97 (89.8%) 
83 (76.9%) 
87 (80.6%) 


11 (10.2%) 
17(15.7%) 
8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA. which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et ai, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et ai, 1 990). The second advantage is the simplicity and 
rapidity of sample analysis, since no posl-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C x to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disa vantage of real -time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai. 
1996; Slamon et ai, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (/) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et ai, 1994). (//) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Berns et ai, 1992; Borg et ai, 1992). (///) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbB2 amplifica- 
tion, confirming the findings of Borg et ai (1992) and Courjal et ai 
(1997). (iV) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 1 5-fold, also in keeping with earlier results (about 
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Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: TU8 (El 2, C6, black squares), Tl 33 (G 1 1 . B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment. Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Bems et ai, 1992; Borg et ai, 1992; Courjal et 
ai, 1997). (v) The erbB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et ai, 1 995; Deng et ai, 1996; Valeron 



et ai, 1996), Our results also correlate well with those recently 
published by Gelmini et ai (1997), who used the TaqMan system to 
measure e/*6B2 amplification in a small series of breast tumors 
(n - 25), but with an instrument (LS-50B luminescence spectronv 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE U - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Hccndl/alb 


Copy- 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


mi 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Hccndl/alb) is determined by dividing the average ccndl 
copy number value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbBl) observed by means of real-time 
quantitative PCR as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et al, 1992; 
Slamon e/ a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (1 7q21 ) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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contain multiple copies of certain genes that normally exist as a single copy, and is an important 
factor in the pathophysiology of cancer. Amplification of certain genes (e.g., Myc or Her2/Neu) 



gives cancer cells a growth or survival advantage relative to normal cells, and might also provide 
a mechanism of tumor cell resistance to chemotherapy or radiotherapy. 

5. If gene amplification results in over-expression of the mRNA and the 
corresponding gene product, then it identifies that gene product as a promising target for cancer 
therapy, for example by the therapeutic antibody approach. Even in the absence of over- 
expression of the gene product, amplification of a cancer marker gene - as detected, for example, 
by the reverse transcriptase TaqMan® PCR or the fluorescence in situ hybridization (FISH) 
assays -is useful in the diagnosis or classification of cancer, or in predicting or monitoring the 
efficacy of cancer therapy. An increase in gene copy number can result not only from 
intrachromosomal changes but also from chromosomal aneuploidy. It is important to understand 
that detection of gene amplification can be used for cancer diagnosis even if the determination 
includes measurement of chromosomal aneuploidy. Indeed, as long as a significant difference 
relative to normal tissue is detected, it is irrelevant if the signal originates from an increase in the 
number of gene copies per chromosome and/or an abnormal number of chromosomes. 

6. I understand that according to the Patent Office, absent data demonstrating that 
the increased copy number of a gene in certain types of cancer leads to increased expression of 
its product, gene amplification data are insufficient to provide substantial utility or well 
established utility for the gene product (the encoded polypeptide), or an antibody specifically 
binding the encoded polypeptide. However, even when amplification of a cancer marker gene 
does not result in significant over-expression of the corresponding gene product, this very 
absence of gene product over-expression still provides significant information for cancer 
diagnosis and treatment. Thus, if over-expression of the gene product does not parallel gene 
amplification in certain tumor types but does so in others, then parallel monitoring of gene 
amplification and gene product over-expression enables more accurate tumor classification and 
hence better determination of suitable therapy. In addition, absence of over-expression is crucial 
information for the practicing clinician. If a gene is amplified but the corresponding gene 
product is not over-expressed, the clinician accordingly will decide not to treat a patient with 
agents that target that gene product. 

7. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information or belief are believed to be true, and further that 
these statements were made with the knowledge that willful false statements and the like so 



made are punishable by fine or imprisonment, or both, under Section 1G01 of Title 18 of the 
United States Code and that such willful statements may jeopardize the validity of the 
application or any patent issued thereon. 

By: /(viM^^) Date: ^/iS-fo^ 

Avi Ashkenazi, Ph.D. ' 
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Each year, over 182,000 women in the United States are 
diagnosed with breast cancer, and approximately 45,000 die 
of the disease. 1 Incidence appears to be increasing in the 
United States at a rate of roughly 2% per year. The reasons 
for the increase are unclear, but non-genetic risk factors appear 
to play a large role. 2 

Five-year survival rates range from approximately 65%- 
85%, depending on demographic group, with a significant 
percentage of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic- 
tive for recurrence once a diagnosis of breast cancer has been 
made is the number of axillary lymph nodes to which tumor 
has metastasized. Most node-positive women are given adju- 
vant therapy, which increases their survival. However, 20%- 
30% of patients without axillary node involvement also 
develop recurrent disease, arid the difficulty lies in how to iden- 
tify this high-risk subset of patients. These patients could 
benefit from increased surveillance, early intervention, and 
treatment. 

Prognostic markers currently used in breast cancer recur- 
rence prediction include tumor size, histological grade, steroid 
hormone receptor status, DKA ploidy, proliferative index, and 
cathepsin D status. Expression of growth factor Teceptors and 
over-expression of the HER-2/neu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis. 

HER-2/neu (also known as c-erbB2) is an oncogene that 
encodes a transmembrane glycoprotein that is homologous 
to, but distinct from, the. epidermal growth factor receptor. 
Numerous studies have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
overexpressed in 10%-30% of invasive breast cancers and in 
40%-60% of intraductal breast carcinoma. 3 

There are two distinct FDA-approved methods by which 
HER-2/neu status can be evaluated: immunohistochemistry 
(IHC, HercepTest™) and FISH (fluorescent in situ hybridiza- 
tion, Path Vysion™ Kit). Both methods can be performed on 
archived and current specimens. The first method allows visual 
assessment of the amount of HER-2/neu protein present on 
the cell membrane. The latter method allows direct quantifi- 
cation of the level of gene amplification present in the tumor, 
enabling differentiation between low- versus high-amplifica- 
tidh. At least one study has demonstrated a difference in 



recurrence risk in women younger than 40 years of age for 
low- versus high-amplified tumors (54.5% compared to 
85.7%); this is compared to a recurrence rate of 16.7% for 
patients with no HER-2/neu gene amplification. 4 HER-2/neu 
status may be particularly important to establish in women with 
small (.£1 cm) tumor size. 

The choice of methodology for determination of HER-2/ 
neu status depends in part on the clinical setting. FDA approval 
for the Vysis FISH test was granted based on clinical trials 
involving 1549 node-positive patients. Patients received one 
of three different treatments consisting of different doses of 
<■ cyclophosphamide, Adriamycin, and 5-fluorouracil (CAF). 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses of adriamycin- 
based therapy, while those with normal HER-2/neu levels did 
not. The study therefore identified a sub-set of women, who 
because they did not benefit from more aggressive treatment, 
did not need to be exposed to the associated side effects. In 
addition, other evidence indicates that HER-2/neu amplifica- 
tion in node-negative patients can be used as an independent 
prognostic indicator for early recurrence, recurrent disease at 
any time and disease-related death. 5 Demonstration of HER- 
2/neu gene amplification by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast cancer patients. 

Selection of patients for Herceptin 0 (Trastuzumab) mono- 
clonal antibody therapy, however, is based upon demonstra- 
tion of HER-2/neu protein overexpTession using HercepTest™. 
Studies using Herceptin 0 in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemotherapeutic agents and a small 
increase in overall survival rate. The FISH assays have not yet 
been approved for this purpose, and studies looking at response 
to Herceptin 0 in patients with or without gene amplification 
status determined by FISH are in progress. 

In general, FISH and IHC results correlate well. However, 
subsets of tumors are found which show discordant results; 
i.e., protein overexpression without gene amplification or lack 
of protein overexpressioh with gene amplification. The clini- 
cal significance of such results is unclear. Based on the above 
considerations, HER-2/neu testing at SHMCYPAML will uti^ 
lize immunohistochemistry (HercepTest 0 ) as a screen, fol- 
lowed by FISH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 
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CPT code information 

HER-2/neu via IHC 

88342 (including interpretive report) 

HER-2/neu via FISH 

88271 *2 Molecular cytogenetics, DNA probe, each 
88274 



88291 



Molecular cytogenetics, interphase in situ hybrid- 
ization, analyze 25-99 cells 
Cytogenetics and molecular cytogenetics, interpre- 
tation and report 



Procedural Information 

Immunohistochemistry is performed using the FDA-approved 
DAKO antibody kit, HerceptestO. The DAKO kit contains 
reagents required to complete a two-step immunohisto- 
chemical staining procedure for.routinely processed, paraffin- 
embedded specimens. Following incubation with the primary 
rabbit antibody to human HER-2/neu protein, the kit employs 
a ready-to-use dextran-based visualization reagent. This re- 
agent consists of both secondary goat anti -rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dextran polymer backbone, thus eliminating the need 
for sequential application of link antibody and peroxidase 
conjugated antibody. Enzymatic conversion ef the subse- 
quently added chromogen results in formation of visible 
reaction product at the antigen site. The specimen is then coun- 
terstained; a pathologist using light-microscopy interprets 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA-approved PathVysion™ HER-2/neu DNA probe kit, pro- 
duced by Vysis, Inc. Formalin fixed, paraffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated to allow hybridization of DNA probes to the 
nuclei present in the tissue section. The Pathvysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
alphoid repetitive DNA (CEP 1 7, spectrum orange) present at 
the chromosome 17 centromere and the second for the HER- 
2/neu oncogene located at 17ql 1.2-12 (spectrum green). Enu- 
meration of the probes allows a ratio of the number of copies 
of chromosome 17 to the number of copies of HER-2/neu to 
be obtained; this enables quantification of low versus high 
amplification levels, and allows an estimate of the percentage 
of cells with HER-2/neu gene amplification. The clinically 
relevant distinction is whether the gene amplification is due 
to increased gene copy number oh the two chromosome 17 
homoiogues normally present or an increase in the number of 
chromosome 17s in the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
result, ratios of 2.1 and over indicate that amplification is 
present and to what degree. Interpretation of this data will be 
performed and reported from the Vysis-certified Cytogenet- 
ics laboratory at SHMC. 
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ABSTRACT 

Genetic changes underlie tumor progression and may lead to cancer- 
specific expression of critical genes. Over 1100 publications have de- 
scribed the use of comparative genomic hybridization (CGH) to analyze 
the pattern of copy number alterations in cancer, but very few of the genes 
affected are known. Here, we performed high-resolution CGH analysis on 
cDNA microarrays in breast cancer and directly compared copy number 
and mRNA expression levels of 13,824 genes to quantitate the impact of 
genomic changes on gene expression. We identified and mapped the 
boundaries of 24 independent ampb'cons, ranging in size from 0.2 to 12 
Mb. Throughout the genome, both high- and low-Jevel copy number 
changes had a substantial impact on gene expression, with 44% of the 
highly amplified genes showing overexpression and 10.5% of the highly 
overexpressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene amplification. These 
included most previously described amplified genes in breast cancer and 
many novel targets for genomic alterations, including the HOXB7 gene, 
the presence of which in a novel amplicon at 17q213 was validated in 
10.2% of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion, CGH on cDNA microarrays revealed hundreds of 
novel genes whose overexpression is attributable to gene amplification. 
These genes may provide insights to the clonal evolution and progression 
of breast cancer and highlight promising therapeutic targets. 

INTRODUCTION 

Gene expression patterns revealed by cDNA microarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries, some of which may explain the clinical behavior of the tumors 
(1-6). Despite this progress in diagnostic classification, the molecular 
mechanisms underlying gene expression patterns in cancer have re- 
mained elusive, and the utility of gene expression profiling in the 
identification of specific therapeutic targets remains limited 

Accumulation of genetic defects is thought to underlie the clonal 
evolution of cancer. Identification of the genes that mediate the effects 
of genetic changes may be important by highlighting transcripts that 
are actively involved in tumor progression. Such transcripts and their 
encoded proteins would be ideal targets for anticancer therapies, as 
demonstrated by the clinical success of new therapies against ampli- 
fied oncogenes, such as ERBB2 and EGFR (7, 8), in breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, over 



Received 5/29/02; accepted 8/28/02. 

The costs of publication of this article were defrayed in part by the payment of page 
charges. This article must therefore be hereby marked advertisement in accordance with 
18 U.S.C Section 1734 solely to indicate this fact 

' Supported in part by the Academy of Finland, Emil Aaltonen Foundation, the Finnish 
Cancer Society, the Pirkanmaa Cancer Society, the Pirkanmaa Cultural Foundation, the 
Finnish Breast Cancer Group, the Foundation for the Development of Laboratory Med- 
icine, the Medical Research Fund of the Tampere University Hospital, the Foundation for 
Commercial and Technical Sciences, and the Swedish Research Council. . 

3 Supplementary data for this article are available at Cancer Research Online (httpV/ 
cancerresjiacrj6urnals.org). . 

3 Contributed equally to this work. 

4 To whom requests for reprints should be addressed, at Laboratory of Cancer Genet- 
ics, Institute of Medical Technology, Lenkkeilijankatu 6, FIN-33520 Tampere, Finland. 
Phone: 358-3247-4125; Fax: 358-3247-4168; E-mail: anneJcallioniemi@uta.fi. 




Expression ratio 

Fig. 1. Impact of gene copy number on global gene expression levels. A, percentage of 
over- and underexprcssed genes (/ axis) according to copy number ratios (X axis). 
Threshold values used for over- and underexpression were >2.184 (global upper 7% of 
the cDNA ratios) and <0.4826 (global lower 7% of the expression ratios). B. percentage 
of amplified and deleted genes according to expression ratios. Threshold values for 
amplification and deletion were >1.5 and <0.7. 



20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH 5 (9, 10). However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown. 

We hypothesized that- genome-wide identification of those gene 
expression changes that are attributable to underlying gene copy 
number alterations would highlight transcripts that are actively in- 
volved in the causation or maintenance of the malignant phenotype. 
To identify such transcripts, we applied a combination of cDNA and 
CGH microarrays to: (a) determine the global impact that gene copy 
number variation plays in breast cancer development and progression; 
and (b) identify and characterize those genes whose mRNA expres- 



3 The abbreviations used are: CGH, comparative genomic hybridization; FISH, fluor 
rescence in situ hybridization; RT-PCR, reverse transcription-PCR. 
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Fig. 2. Genome-wide copy number and expression analysis in the MCF-7 breast cancer cell line. A, chromosomal CGH analysis of MCF-7. The copy number ratio profile {blue 
line) across the entire genome from lp telomere to Xq telomere is shown along with ± 1 SD {orange lines). The black horizontal line indicates a ratio of 1.0; red line, a ratio of 0.8; 
and green line, a ratio of \2. B-C, genome-wide copy number analysis in MCF-7. by CGH on cDNA microarray. The copy number ratios were plotted as a function of the position 
of the cDNA clones along the human genome. In B, individual data points are connected with a line, and a moving median of 10 adjacent clones is shown. Red horizontal tine, the 
copy number ratio of 1.0. In C, individual data points are labeled by color coding according to cDNA expression ratios. The bright red dots indicate the upper 2%, and dart red dots, 
the next 5% of the expression ratios in MCF-7 cells (overexpressed genes); bright green dots indicate the lowest 2%, and dark green dots, the next 5% of the expression ratios 
(underexpressed genes); the rest of the observations are shown with black crosses. The chromosome numbers are shown at the bottom of the figure, and chromosome boundaries are 
indicated with a dashed line. 



sion is most significantly associated with amplification of the corre- 
sponding genomic template. 

MATERIALS AND METHODS 

Breast Cancer Cell Lines. Fourteen breast cancer cell lines (BT-20, BT- 
474, HCC1428, Hs578t, MCF7, MDA-361, MDA-436, MDA-453, MDA-468, 
SKBR-3, T-47D, UACC812, ZR-75-1, and ZR-75-30) were obtained from the 
American Type Culture Collection (Manassas, VA). Cells were grown under 
recommended culture conditions. Genomic DNA and mRNA were isolated 
using standard protocols. 

Copy Number and Expression Analyses by cDN A Microarrays. The 
preparation and printing of the 13,824 cDNA clones on glass slides were 
performed as described (1 1-13). Of these clones, 244 represented uncharac- 
terized expressed sequence tags; and the remainder corresponded to known 
genes. CGH experiments on cDNA microarrays were done as described (14, 
15). Briefly, 20 ^tg of genomic DNA from breast cancer cell lines and normal 
human WBCs were digested for 14-18 h with Alul and Rsal (Life Technol- 
ogies, Inc., Rockville, MD) and purified by phenol/chloroform extraction. Six 
ptg of digested cell line DNAs were labeled with Cy3-dUTP (Amersham 
Pharmacia) and normal DNA with Cy5-dUTP (Amersham Pharmacia) using 
the Bioprime Labeling kit (Life Technologies, Inc.). Hybridization (14, 15) and 
posthybridization washes (13) were done as described. For the expression 
analyses, a standard reference (Universal Human Reference RNA; Stratagene, 
La Jolla, CA) was used in all experiments. Forty u,g of reference RNA were 
labeled with Cy3-dUTP and 3.5 jug of test mRNA with Cy5-dUTP, and the 
labeled cDNAs were hybridized on microarrays as described (13, 15). For both 
microarray analyses, a laser confocal scanner (Agilent Technologies, Palo 
Alto, CA) was used to measure the fluorescence intensities at the target 
locations using the DEARRAY software (16). After background subtraction, 
average intensities at each clone in the test hybridization were divided by the 
average intensity of the corresponding clone. in the control hybridization. For 
the copy number analysis, the ratios were normalized on the basis of the 
distribution of ratios of all targets on the array and for the expression analysis 
on the basis of 88 housekeeping genes, which were spotted four times onto the 
array. Low quality measurements (i.e., copy number data with mean reference 
intensity <100 fluorescent units, and expression data with both test and 
reference intensity <100 fluorescent units and/or with spot size <50 units) 



were excluded from the analysis and were treated as missing values. The 
distributions of fluorescence ratios were used to define cutpoints for increased/ 
decreased copy number. Genes with CGH ratio >1.43 (representing the upper 
5% of the CGH ratios across all experiments) were considered to be amplified, 
and genes with ratio <0;73 (representing the lower 5%) were considered to be 
deleted. 

Statistical Analysis of CGH and cDNA Microarray Data. To evaluate 
the influence of copy number alterations on gene expression, we applied the 
following statistical approach. CGH and cDNA calibrated intensity ratios were 
log-transformed and normalized using median centering of the values in each 
cell line. Furthermore, cDNA ratios for each gene across all 14 cell lines were . 
median centered. For each gene, the CGH data were represented by a vector 
that was labeled 1 for amplification (ratio, > 1 .43) and 0 for no amplification. 
Amplification was correlated with gene expression using the signal-to-noise 
statistics (1). We calculated a weight, w^, for each gene as follows: 

m B i ~ "V 



where m gU <r gl and m^,, cr^ denote the means and SDs for the expression 
levels for amplified and nonamplified cell lines, respectively. To assess the 
statistical significance of each weight, we performed 10,000 random permu- 
tations of the label vector. The probability that a gene had a larger or equal 
weight by random permutation than the original weight was denoted by a. A 
low a (<0.05) indicates a strong association between gene expression and 
amplification. 

Genomic Localization of cDNA Clones and Amplicon Mapping. Each 
cDNA clone on the microarray was assigned to a Unigene cluster using the 
Unigene Build 141* A database of genomic sequence alignment information 
for mRNA sequences was created from the August 2001 freeze of the Uni- 
versity of California Santa Cruz's GoldenPath database. 7 The chromosome and 
bp positions for each cDNA clone were then retrieved by relating these data 
sets. Ampltcons were defined as a CGH copy number ratio >2.0 in at least two 
adjacent clones in two or more cell lines or a CGH ratio >2.0 in at least three 
adjacent clones in a single cell line. The amplicon start and end positions were 



6 Internet address: http://research.nhgn\nih.gov/micioa^ 

7 Internet address: www.gcnome.ucsc.edu. 
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Table I Summary of independent ampticons in 14 breast cancer cell lines by 
CGH microarray \ 



Location 


OvUIX \vflD) 


Fnd fMKi 
cuu \tvivj 


Size (Mb) 


lpl3 


132.79 


132.94 


0.2 


lq21 


173.92 


177.25 


3.3 


lq22 


179.28 


179.57 


0.3 


3pl4 


71.94 


74.66 


2.7 


7pl2.1-7pll.2 


55.62 


60.95 


5.3 


7q31 


125.73 


130.96 


5.2 


7q32 


140.01 


140.68 


0.7 


8q2I.ll-8q21.I3 


86.45 


. 92.46 


6.0 


8q21.3 


98.45 


103.05 


4.6 


8q23.3-*q24.14 


129.88 


142.15 


12.3 


8q24.22 


151.21 


152.16 


1.0 


9pl3 


38.65 


39.25 


0.6 


I3q22-q31 


77.15 


8138 


4.2 


16q22 


86.70 


87.62 


0.9 


. 17qll 


29.30 


30.85 


1.6 


17ql2-q21.2 


39.79 


42.80 


3.0 


17q21.32-q21.33 


52.47 


55.80 


3.3 


J7q22-q23.3 


63.81 


69.70 


5.9 
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CGH were validated, with lq21, 17ql2-q21.2, 17q22-q23, 20ql3.1, 
and 20ql 3.2 regions being most commonly amplified. Furthermore, 
the boundaries of these amplicons were precisely delineated. In ad- 
dition, novel amplicons were identified at 9pl3 (38.65-39.25 Mb), 
and 17q21. 3 (52.47-55.80 Mb). 

Direct Identification of Putative Amplification Target Genes. 
The cDNA/CGH microarray technique enables the direct correla- 
tion of copy number and expression data on a gene-by-gene basis 
throughout the genome. We directly annotated high-resolution 
CGH plots with gene expression data using color coding. Fig. 2C 
shows that most of the amplified genes in the MCF-7 breast cancer 
cell line at lpl3, 17q22-q23, and 20ql3 were highly overex- 
pressed; A view of chromosome 7 in the MDA-468 cell line 
implicates EGFR as the most highly overexpressed and amplified 
gene at 7pll-pl2 (Fig. }A). In BT-474, the two known amplicons 
at 17ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Fig. 35). In addition, several genes, including the 
homeobox genes HOXB2 and HOXB7, were highly amplified in a 
previously undescribed independent amplicon at 17q21.3. HOXB7 
was systematically amplified (as validated by FISH, Fig. 3B, inset) 
as well as overexpressed (as verified by RT-PCR, data not shown) 
in BT-474, UACC812, and ZR-75-30 cells. Furthermore, this novel 



extended to include neighboring nonamplified clones (ratio, <1.5): The am- 
plicon size determination was partially dependent on local clone density. 

FISH. Dual-color interphase FISH to breast cancer ceil lines was done as 
described (17). Bacterial artificial chromosome clone RP11-361K8 was la- 
beled with SpectrumOrange (Vysis, Downers Grove, IL), and Spectrum- 
Orange-labeled probe for EGFR -was obtained from Vysis. SpectrumGreen- 
labeled chromosome 7 and 17 centromere probes (Vysis) were used as a 
reference. A tissue microarray containing 612 formalin-fixed, paraffin-embed- 
ded primary breast cancers (17) was applied in FISH analyses as described 
(1 8). The use of these specimens was approved by the Ethics Committee of the 
University of Basel and by the NIH. Specimens containing a 2-fold or higher 
increase in the number of test probe signals, as compared with corresponding 
centromere signals, in at least 10% of the tumor cells were considered to be 
amplified. Survival analysis was performed using the Kaplan-Meier method 
and the log-rank test. 

RT-PCR. The HOXB7 expression level was determined relative to 
GAPDH. Reverse transcription and PCR amplification were performed using 
Access RT-PCR System (Promega Corp., Madison, WI) with 10 ng of mRNA 
as a template. HOXB7 primers were 5 '-GAGC AG AGGGACTCGG ACTT-3 ' 
and 5'-GCGTCAGGTAGCGATTGTAG-3'. 

RESULTS 

Global Effect of Copy Number on Gene Expression. 13,824 
arrayed cDNA clones were applied for analysis of gene expression 
and gene copy number (CGH microarrays) in 14 breast cancer cell 
lines. The results illustrate a considerable influence of copy number 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5) were overexpressed belonged to 
the global upper 7% of expression ratios), compared with only 6% for 
genes with normal copy number levels (Fig. 1A). Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio, >10) 
showed increased copy number (Fig. IB). Low-level copy number 
increases and decreases were also associated with similar, although 
less dramatic, outcomes on gene expression (Fig. 1). 

identification of Distinct Breast Cancer Amplicons. Base-pair 
locations obtained for 1 1,994 cDNAs (86.8%) were used to plot copy 
number changes as a function of genomic position (Fig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This high-resolution mapping identified 24 independent 
breast cancer amplicons, spanning from 0.2 to 12 Mb of DNA (Table 
1). Several amplification sites detected previously by chromosomal 





. Fig. 3. Annotation of gene expression data on CGH microarray profiles. A, genes in the 
7pl l-pl2 amplicon in the MDA-468 cell line arc highly expressed {red dots) and include 
the EGFR oncogene. B, several genes in the J7ql2, 17q213, and 17q23 amplicons in the 
BT-474' breast cancer cell line are highly overexpressed (red) and include the HOXB7 
gene. The data labels and color coding are as indicated for Fig. 2C. Insets show 
chromosomal CGH profiles for the corresponding chromosomes and validation of the 
increased copy number by interphase FISH using EGFR (red) and chromosome 7 
centromere probe (green) to MDA-468 (A) and //OKB7-specific probe (red) and chro- 
mosome 17 centromere (green) to BT-474 cells (B). 
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Fig. 4. List of SO genes with a statistically 
significant correlation (a value <0.05) between 
gene copy number and gene expression. Name, 
chromosomal location, and the a value for each 
gene are indicated. The genes have been ordered 
according to their position in the genome. The color 
maps on the right illustrate the copy number and 
expression ratio patterns in the 14 cell lines. The 
key to the color code is shown at the bottom of the 
graph. Gray squares, missing values. The complete 
list of 270 genes is shown in supplemental Fig. B. 
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amplification was validated to be present in 10.2% of 363 primary 
breast cancers by FISH to a tissue microarray and was associated 
with poor prognosis of the patients (P = 0.001). 

Statistical Identification and Characterization of 270 Highly 
Expressed Genes in Amplicons. Statistical comparison of expres- 
sion levels of all genes as a function of gene amplification identified 
270 genes whose expression was significantly influenced by copy 
number across all 14 cell lines (Fig. 4, Supplemental Fig. B). Accord- 
ing to the gene ontology data, 8 91 of the 270 genes represented 
hypothetical proteins or genes with no functional annotation, whereas 
179 had associated functional information available. Of these, 151 
(84%) are implicated in apoptosis, cell proliferation, signal transduc- 
tion, and transcription, whereas 28 (16%) had functional annotations 
that could not be directly linked with cancer. 



DISCUSSION 

The importance of recurrent gene and chromosome copy number 
changes in the development and progression of solid tumors has been 
characterized in >1000 publications applying CGH 9 (9, 10), as well 
as in a large number of other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic 
changes on gene expression levels have remained largely unknown, 
although a few studies have explored gene expression changes occur- 
ring in specific amplicons (15, 19-21). Here, we applied genome- 
wide cDNA microarrays to identify transcripts whose expression 
changes were attributable to underlying gene copy number alterations 
in breast cancer. 

The overall impact of copy number on gene expression patterns was 
substantial with the most dramatic effects seen in the case of high- 



8 Internet address: http://www.geneontology.org/. 



9 Internet address: httpyAvww.ncbi.nlm.nih.gov/entrc2. 
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level copy number increase. Low-level copy number gains and losses 
also had a significant influence on expression levels of genes in the 
regions affected, but these effects were more subtle on a gene-by-gene 
basis than those of high-level amplifications. However, the impact of 
low-level gains on the dysregulation of gene expression patterns in 
cancer may be equally important if not more important than that of 
high-level amplifications. Aneuploidy and low-level gains and losses 
of chromosomal arms represent the most common types of genetic 
alterations in breast and other cancers and, therefore, have an influ- 
ence on many genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 
model system (22-24). 

The CGH microarray analysis identified 24 independent breast 
cancer amplicons. We defined the precise boundaries for many am- 
plicons detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel amplicons that had not been detected previ- 
ously, presumably because of their small size (only 1-2 Mb) or close 
proximity to other larger amplicons. One of these novel amplicons 
involved the homeobox gene region at 17q21.3 and led to the over- 
expression of the HOXB7 and HOXB2 genes. The homeodomain 
transcription factors are known to be key regulators of embryonic 
development and have been occasionally reported to undergo aberrant 
expression in cancer (27, 28). HOXB7 transfection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
tumorigenicity and angiogenesis in breast cancer (29-32). The pres- 
ent results imply that gene amplification may be a prominent mech- 
anism for overexpressing HOXB7 in breast cancer and suggest that 
HOXB7 contributes to tumor progression and confers an aggressive 
disease phenotype in breast cancer. This view is supported by our 
finding of amplification of HOXB7 in 10% of 363 primary breast 
cancers, as well as an association of amplification with poor prognosis 
of the patients. 

We carried put a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representing —2% of all genes on the array), including not only 
previously described amplified genes, such as HER-2, MYC, 
EGFR f ribosomal protein s6 kinase, and AIB3 9 but also numerous 
novel genes such as NRAS-related gene (lp!3), syndecan-2 (8q22), 
and bone morphogenic protein (20ql3.1), whose activation by 
amplification may similarly promote breast cancer progression. 
Most of the 270 genes have not been implicated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms. Although we would not expect all of them to be causally 
involved, it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could directly imply a possible role in cancer progression. 
Therefore, a detailed characterization of these genes may provide 
biological insights to breast cancer progression and might lead to 
the development of novel therapeutic strategies. 

In summary, we demonstrate application of cDNA microarrays 
to the analysis of both copy number and expression levels of oyer 
12,000 transcripts throughout the breast cancer genome, roughly 
once every 267 kb. This analysis provided: (a) evidence of a 
prominent global influence of copy number changes on gene 
expression levels; (b) a high-resolution map of 24 independent 
amplicons in breast cancer; and (c) identification of a set of 270 
genes, the overexpression of which was statistically attributable to 
gene amplification. Characterization of a novel amplicon at 
17q21.3 implicated amplification and overexpression of the 
HOXB7 gene in breast cancer, including a clinical association 
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between HOXB 7 amplification and poor patient prognosis. Overall, 
our results illustrate how the identification of genes activated by 
gene amplification provides a powerful approach to highlight 
genes with an important role in cancer as well as to prioritize and 
validate putative targets for therapy development. 

' I ' 
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Genome-wide Study of Gene Copy Numbers, 
Transcripts, and Protein Levels in Piairs of 
Non-invasive and Invasive Human Transitional 
Cell Carcinomas* 

Torben F. 0rntoftt:§, Thomas ThykjaeiH, Frederic M. Waldman||, Hans Wolf**, 
and Julio E. Celis# \ 



Gain and loss of chromosomal material is characteristic 
of bladder cancer, as well as malignant transformation in 
general. The consequences of these changes at both the 
transcription and translation levels is at present unknown 
partly because of technical limitations. Here we have at- 
tempted to address this question in pairs of non-invasive 
and invasive human bladder tumors using a combination 
of technology that included comparative genomic hybrid- 
ization, high density oligonucleotide array-based monitor- 



phenomenon at both the transcription and translation levels. 
High throughput array studies of the breast cancer celt line 
BT474 has suggested that there is a correlation between 
DNA copy numbers and gene expression In highly amplified 
areas (2), and studies of individual genes in solid tumors 
have revealed a good correlation between gene dose and 
mRNA or protein levels in the case of c-erb-B2, cyclin d1, 
ems1, and N-myc (3-5). However, a high cyclin D1 protein 
expression has been observed without simultaneous am- 



ing of transcript levels (5600 genes), and high resolution t . 

two-dimensional gel electrophoresis^ results showed ,^at.on (4), and a low level of c-myc copy number m- 
that there is a gene dosage effect *at in some cases^ " OQCO w * c withrt ' rt ^nrnmitant r-mvc nrotein 

superimposes on other regulatory mechanisms. This ef- 
fect depended (p < 0.015) on the magnitude of the com- 
parative genomic hybridization change. In general (18 of 
23 cases), chromosomal areas with more than 2-fold gain 
of DNA showed a corresponding increase in mRNA tran- 
scripts. Areas with loss of DNA, on the other hand, 
showed either reduced or unaltered transcript levels^) Be- 
cause most proteins resolved by two-dimensional gels 
are unknown it was only possible to compare mRNA and 
protein alterations in relatively few cases of well focused 
abundant proteins. With few exceptions we found a good 
correlation (p < 0.005) between transcript alterations and 
protein levels. The implications, as well as limitations, 
of the approach are discussed. Molecular & Cellular 
Proteinics 1:37-45, 2002. 



Aneuploidy is a common feature of most human cancers 
(1), but little is known about the genome-wide effect of this 
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crease was observed without concomitant c-myc protein 
overexpression (6). 

In human bladder tumors, karyotyping, fluorescent in situ 
hybridization, and comparative genomic hybridization (CGH) 1 
have revealed chromosomal aberrations that seem to be 
characteristic of certain stages of disease progression. In the 
case of hon-invasive pTa transitional ceil carcinomas (TCCs), 
this includes loss of chromosome 9 or parts of it, as well as 
loss of Y in males. In minimally invasive pT1 TCCs, the fol- 
lowing alterations have been reported: 2q-, 11p-, 1q+, 
11q13+, 17q+, and 20q+ (7-12). It has been suggested that 
these regions harbor tumor suppressor genes and onco- 
genes; however, the large chromosomal areas involved often 
contain many genes, making meaningful predictions of the 
functional consequences of losses and gains very difficult. 

In this investigation we have combined genome-wide tech- 
nology for detecting genomic gains and losses (CGH) with 
gene expression profiting techniques (microarrays and pro- 
teomics) to determine the effect of gene copy number on 
transcript and protein levels in pairs of non-invasive and in- 
vasive human bladder TCCs. 

EXPERIMENTAL PROCEDURES 

Material- Bladder tumor biopsies were sampled after informed 
consent was obtained and after removal of tissue for routine pathol- 
ogy examination/By light microscopy tumors 335 and 532 were 
staged by an experienced pathologist as pTa (superficial papillary), 

1 The abbreviations used are: CGH, comparative genomic hybrid- 
ization; TCC, transitional cell carcinoma; LOH, loss of heterozygosity; 
PA-FABP, psoriasis-associated fatty acid-binding protein; 2D, 
two-dimensional. 
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Fig. 1. DNA copy number and mRNA expression level. Shown from left to right are chromosome (Chr.), CGH profiles, gene location and 
expression level of specific genes, and overall expression level along the chromosome. A, expression of mRNA in invasive tumor 733 as 
compared with the non-invasive counterpart tumor 335. B, expression of mRNA in invasive tumor 827 compared with the non-invasive 
counterpart tumor 532. The average fluorescent signal ratio between tumor DNA and normal DNA is shown along the length of the chromosome 
(/eft). The bold curve in the ratio profile represents a mean of four chromosomes and is surrounded by thin curves indicating one standard 
deviation. The central vertical line iproken) indicates a ratio value of 1 (no change), and the vertical lines next to it {dotted) indicate a ratio of 
0.5 (/eft) and 2.0 (fight). In chromosomes where the non-invasive tumor 335 used for comparison showed alterations in DNA content, the ratio 
profile of that chromosome is shown to the right of the invasive tumor profile. The colored bars represents one gene each, identified by the 
running numbers above the bars (the name of the gene can be seen at www.MDLDK/sdata.htmI). The bars indicate the purported location of 
the gene, and the colors indicate the expression level of the gene in the invasive tumor compared with the non-invasive counterpart; >2-fold 
increase {black), >2-fold decrease (blue)] no significant change {orange). The bar to the far right, entitled Expression shows the resulting change 
in expression along the chromosome; the colors indicate that at least half of the genes were up-regulated (Wacfr), at least half of the genes 
down-regulated (b/ue), or more than half of the genes are unchanged (orange). If a gene was absent in one of the samples and present in 
another, it was regarded as more than a 2-fold change. A 2-fold level was chosen as this corresponded to one standard deviation in a double 
determination of -1800 genes. Centromeres and heterochromatic regions were excluded from data analysis. 

UTP (Enzo) was used, together with unlabeled NTPs in the reaction. 
Following the in vitro transcription reaction, the unincorporated nu- 
cleotides were removed using RNeasy columns (Qiagen). 

Array Hybridization and Scann/ng— Array hybridization and scan- 
ning was modified from a previous method (13). 10 m9 of cRNA was 
fragmented at 94 °C for 35 min in buffer containing 40 mw Tris 
acetate, pH 8.1, 100 mM KOAc, 30 mM MgOAc. Prior to hybridization, 
the fragmented cRNA in a 6X SSPE-T hybridization buffer (1 m NaCI, 
10 mM Tris, pH 7.6, 0:005% Triton), was heated to 95 °C for 5 min, 
subsequently cooled to 40 °C, and loaded onto the Affymetrix probe 
array cartridge. The probe array was then incubated for 16 h at 40 °C 
at constant rotation (60 rpm). The probe array was exposed to 10 
washes in 6x SSPE-T at 25 °C followed by 4 washes in 0.5x SSPE-T 
at 50 °C. The biotinylated cRNA was stained with a streptavidin- 
phycoerythrin conjugate, 10 /ig/ml (Molecular Probes) in 6x SSPE-T 



grade I and II, respectively, tumors 733 and 827 were staged as pT1 
(invasive into submucosa), 733 was staged as solid, and 827 was 
staged as papillary, both grade III. 

mRNA Preparation— Tissue biopsies, obtained fresh from surgery, 
were embedded immediately in a sodium-guanidinium thiocyanate 
solution and stored at -80 °C. Total RNA was isolated using the 
RNAzol B RNA isolation method (WAK-Chemie Medical GMBH). 
poly(A) + RNA was isolated by an oligo(dT) selection step (Oligotex 
mRNA kit; Qiagen). 

cRNA Preparation— "\ of mRNA was used as starting material. 
The first and second strand cDNA synthesis was performed using the 
Superscript® choice system (Invitrogen) according to the manufac- 
turer's instructions but using an oiigo(dT) primer containing a T7 RNA 
polymerase binding site. Labeled cRNA was prepared using the ME- 
GAscrip® in vitro transcription kit (Ambion). Biotin-labeled CTP and 
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Fig. 1— continued 



for 30 min at 25 °C followed by 1 0 washes in 6x SSPE-T at 25 °C. The 
probe arrays were scanned at 560 nm using a confocal laser scanning 
microscope (made for Affymetrix by Hewlett-Packard). The readings 
from the quantitative scanning were analyzed by Affymetrix gene 
expression analysis software. 

Microsateliite Analysis— Microsatellite Analysis was performed as 
described previously (14). Microsatellites were selected by use of 
www.ncbi.nlm.nih.gov/genemap98, and primer sequences were ob- 
tained from the genome data base at www.gdb.org. DNA was extracted 
from tumor and blood and amplified by PCR in a volume of 20 for 35 
cycles. The amplicons were denatured and electrophoresed for 3 h in an 
AB1 Prism 377. Data were collected in the Gene Scan program for 
fragment analysis. Loss of heterozygosity was defined as less than 33% 
of one allele detected in tumor amplicons compared with blood. 

Proteomic Analysis— TCCs were mipced into small pieces and 
homogenized in a small glass homogenizer in 0.5 ml of lysis solution. 
Samples were stored at -20 °C until use. The procedure for 2D gel 
electrophoresis has been described in detail elsewhere (15, 16). Gels 
were stained with silver nitrate and/or Coomassie Brilliant Blue. Pro- 
teins were identified by a combination of procedures that included 
micrpsequencing, mass spectrometry, two-dimensional gel Western 
immunoblotting, and comparison with the master two-dimensiorial gel 
image of human keratinocyte proteins; see biobase.dk/cgi-bin/celis. 

CGH— Hybridization of differentially labeled tumor and normal DNA 
to normal metaphase chromosomes was performed as described 
previously (10). Fluorescein-labeled tumor DNA (200 ng), Texas Red- 



labeled reference DNA (200 ng)> and human Cot-1 DNA (20 ^g) were 
denatured at 37 °C for 5 min and applied to denatured normal met- 
aphase slides. Hybridization was at 37 °C for 2 days. After washing, 
the slides were counterstained with 0.15 jig/m! 4,6-diamidino-2-phe- 
nylindole in an anti-fade solution. A second hybridization was per- 
formed for all tumor samples using fluorescein-labeled reference DNA 
and Texas Red-labeled tumor DNA (inverse labeling) to confirm the 
aberrations detected during the initial hybridization. Each CGH ex- 
periment also included a normal control hybridization using fluores- 
cein- and Texas Red-labeled normal DNA. Digital image analysis was 
used to identify chromosomal regions with abnormal fluorescence 
ratios, indicating regions of DNA gains and losses. The average 
green:red fluorescence intensity ratio profiles were calculated using 
four images of each chromosome (eight chromosomes total) with 
normalization of the green:red fluorescence intensity ratio for the 
entire metaphase and background correction. Chromosome identifi- 
cation was performed based on 4,6-diamidino-2-phenylindole band- 
ing patterns. Only images showing uniform high intensity fluores- 
cence with minimal background staining were analyzed. All 
centromeres, p arms of acrocentric chromosomes, and heterochro- 
matic regions were excluded from the analysis. 

RESULTS 

Comparative Genomic Hybridization— The CGH analysis 
identified a number of chromosomal gains and losses in the 
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Table I 

Correlation between alterations detected by CGH and by expression monitoring 
Top, CGH used as independent variable (if CGH alteration - what expression ratio was found); bottom, altered expression used as 
independent variable (if expression alteration - what CGH deviation was found). - ' - - 



CGH alterations 



Tumor 733 vs. 335 
Expression change clusters 



Concordance 



CGH alterations 



Tumor 827 vs. 532 
Expression change clusters 



Concordance 



13 Gain 10 Up-regulation 

0 Down-regulation 

3 No change 
10 Loss 1 Up-regulation 

5 Down-regulation 

4 No change 



77% 



50% 



10 Gain 



12 Loss 



8 Up-regulation 
0 Down-regulation 

2 No change 

3 Up-regulation 

2 Down regulation 
7 No change 



80% 



17% 



Expression change clusters 



Tumor 733 vs. 335 
CGH alterations 



Concordance Expression change clusters 



Tumor 827 vs. 532 
CGH alterations 



Concordance 



16 Up-regulation 


11 Gain 


69% 


17 Up-regulation 


10 Gain 


59% 


2 Loss 






5 Loss 






3 No change 






2 No change 


33% 


21 Down-regulation 


1 Gain 


38% 


9 Down-regulation 


0 Gain 


8 Loss 






3 Loss 






12 No change 






6 No change 


81% 


15 No change 


3 Gain 


60% 


, 21 No change 


1 Gain 


3 Loss 

9 No change 






3 Loss 

17 No change 





two invasive tumors (stage pT1 , TCCs 733 and 827), whereas 
the two noninvasive papillomas (stage pTa, TCCs 335 and 
532) showed only 9p-, 9q22-q33-, and X-, and 7+, 9q-, 
and Y-, respectively. Both invasive tumors showed changes 
(1q22-24+, 2q14.1-qter-, 3q12-q13.3-, 6q12-q22-, 
9q34+, 11q12-q13+ t 17+, and 20q11.2-q12+) that are typ- 
ical for their disease stage, as well as additional alterations, 
some of which are shown in Fig. 1. Areas with gains and 
losses deviated from the normal copy number to some extent, 
and the average numerical deviation from normal was 0.4-fold 
in the case of TCC 733 and 0.3-fold for TCC 827. The largest 
changes, amounting to at least a doubling of chromosomal 
content, were observed at 1q23 in TCC 733 (Fig. 1A) and 
20q12 inTCC 827 (Fig. 18). 

mRNA Expression in Relation to DNA Copy Number— The 
mRNA levels from the two invasive tumors (TCCs 827 and 
733) were compared with the two non-invasive counterparts 
(TCCs 532 and 335). This was done in two separate experi- 
ments in which we compared TCCs 733 to 335 and 827 to 
532, respectively, using two different scaling settings for the 
arrays to rule out scaling as a confounding parameter. Ap- 
proximately 1,800 genes that yielded a signal on the arrays 
were searched in the Unigene and Genemap data bases for 
chromosomal location, and those with a known location 
(1096) were plotted as bars covering their purported locus. In 
that way it was possible to construct a graphic presentation of 
DNA copy number and relative mRNA levels along the indi- 
vidual chromosomes (Fig. 1). 

For each mRNA a ratio was calculated between the level in 
the invasive versus the non-invasive counterpart. Bars, which 
represent chromosomal location of a gene, were color-coded 
according to the expression ratio, and only differences larger 



than 2-fold were regarded as informative (Fig. 1). The density 
of genes along the chromosomes varied, and areas contain- 
ing only one gene were excluded from the calculations. The 
resolution of the QGH method is very low, and some of the 
outlier data may be because of the fact that the boundaries of 
the chromosomal aberrations are not known at high resolution. 

Two sets of calculations were made from the data For the 
first set we used CGH alterations as the independent variable 
and estimated the frequency of expression alterations in these 
chromosomal areas. In general, areas with a strong gain of 
chromosomal material contained a cluster of genes having 
increased mRNA expression. For^ example, both chromo- 
somes 1q21-q25, 2p and 9q, showed a relative gain of more 
than 100% in DNA copy number that was accompanied by 
increased mRNA expression levels in the two tumor pairs (Fig. 
1). In most cases, chromosomal gaihs detected by CGH were 
accompanied by an increased level of transcripts in both 
TCCs 733 (77%) and 827 (80%) (Table I, top). Chromosomal 
losses, on the other hand, were not accompanied by de- 
creased expression in several cases, and were often regis- 
tered as having unaltered RNA levels (Table I, top). The inabil- 
ity to detect RNA expression changes in these cases was not 
because of fewer genes mapping to the lost regions (data not 
shown). 

In the second set of calculations we selected expression 
alterations above 2-fold as the independent variable and es- 
timated the frequency of CGH alterations in these areas. As 
above, we found that increased transcript expression corre- 
lated with gain of chromosomal material (TCC 733, 69% and 
TCC 827, 59%), whereas reduced expression was often de- 
tected in areas with unaltered CGH ratios (Table I, bottom). 
Furthermore, as a control we looked at areas with no alter- 
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Fig. 2. Correlation between maximum CGH aberration and the ability to detejct expression change by oligonucleotide array 
monitoring. The aberration is shown as a numerical -fold change in ratio between invasive tumors 827 (A) and 733 (♦) and their non-invasive 
counterparts 532 and 335. The expression change was taken from the Expression line to the right in Fig. 1, which depicts the resulting 
expression change for a given chromosomal region. At least half of the mRNAs from a given region have to be either up- or dowri-regulated 
to be scored as an expression change. All chromosomal arms in which the CGH ratio plus or minus one standard deviation was outside the 
ratio value of one were included. 



ation in expression. No alteration was detected by CGH in 
most of these areas (TCC 733, 60% and TCC 827, 81%; see 
Table I, bottom). Because the ability to observe reduced or 
increased mRNA expression clustering to a certain chromo- 
somal area clearly reflected the extent of copy number 
changes, we plotted the maximum CGH aberrations in the 
regions showing CGH changes against the ability to detect a 
change in mRNA expression as monitored by the oligonucleo- 
tide arrays (Fig. 2)ds>r both tumors TCC 733 (p < 0.015) and 
TCC 827 (p < 0.00003) a highly significant correlation was 
observed between the level of CGH ratio change (reflecting 
the DNA copy number) and alterations detected by the array 
based technology (Fig. 2j) Simitar data were obtained when 
areas with altered expression were used as independent vari- 
ables. These areas correlated best with CGH when the CGH 
ratio deviated 1.6- to 2.0-fold (Table I, bottom) but mostly did 
not at lower CGH deviations. These data probably reflect that 
loss of an allele may only lead to a 50% reduction in expres- 
sion level, which is at the cut-off ppint for detection of expres- 
sion alterations. Gain of chromosomal material can occur to a 
much larger extent. 

Microsatellite-based Detection of Minor Areas of Loss- 
es— In TCC 733, several chromosomal areas exhibiting DNA 
amplification were preceded or followed by areas with a nor- 
mal CGH but reduced mRNA expression (see Fig. 1, TCC 733 
chromosome 1q32, 2p21, and 7q21 and q32, 9q34, and 
10q22). To determine whether these results were because of 
undetected loss of chromosomal material in these regions or 



because of other non-structural mechanisms regulating tran- 
scription, we examined two microsatellites positioned at chro- 
mosome 1q25-32 and two at chromosome 2p22. Loss of 
heterozygosity (LOH) was found at both 1q25 and at 2p22 
indicating that minor deleted areas were not detected with the 
resolution of CGH (Fig. 3). Additionally, chromosome 2p in 
TCC 733 showed a CGH pattern of gain/no change/gain of 
DNA that correlated with transcript increase/decrease/in- 
crease. Thus, for the areas showing increased expression 
there was a correlation with the DNA copy number alterations 
(Fig. 1>4). As indicated above, the mRNA decrease observed in 
the middle of the chromosomal gain was because of LOH, 
implying that one of the mechanisms for mRNA down-regu- 
lation may be regions that have undergone smaller losses of 
chromosomal material. However, this cannot be detected with 
the resolution of the CGH method. 

In both TCC 733 and TCC 827, the telomeric end of chro- 
mosome 11p showed a normal ratio in the CGH analysis; 
however, clusters of five and three genes, respectively, lost 
their expression. Two microsatellites (D11S1760, D11S922) 
positioned close to MUC2, IGF2, and cathepsin D indicated 
LOH as the most likely mechanism behind the loss of expres- 
sion (data not shown). 

A reduced expression of mRNA observed in TCC 733 at 
chromosomes 3q24, 11p11 ( 12p12.2 ( 12q21.1, and 16q24 
and in TCC 827 at chromosome 11p15.5, 12p11 t 15q11.2, 
and 18q12 was also examined for chromosomal losses using 
microsatellites positioned as close as possible to the gene loci. 
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Fig. 3. Microsatellite analysis of loss of heterozygosity. Tumor 
733 showing loss of heterozygosity at chromosome tq25, detected 
(a) by D1S215 close to Hu class I histocompatibility antigen (gene 
number 38 in Fig. 1), (b) by D1S2735 close to cathepsin E (gene 
number 41 in Fig. 1), and (c) at chromosome 2p23 by D2S2251 close 
to general 0-spectrin (gene number 1 1 on Fig. 1) and of {o) tumor 827 
showing loss of heterozygosity at chromosome 18q12 by S18S1118 
close to mitochondrial 3-oxoacyl-coenzyme A thiolase (gene number 
12 in Fig. 1). The upper curves show the electropherogram obtained 
from normal DNA from leukocytes (A/), and the lower curves show the 
electropherogram from tumor DNA (7). In all cases one allele is 
partially lost in the tumor amplicon. 

showing reduced mRNA transcripts. Only the microsatellite 
positioned at 18q12 showed LOH (Fig. 3), suggesting that 
transcriptional down-regulation of genes in the other regions 
may be controlled by other mechanisms. 

Relation between Changes in mRNA and Protein Levels— 
2D-PAGE analysis, in combination with Coomassle Brilliant 
Blue and/or silver staining, was carried out on all four tumors 
using fresh biopsy material. 40 well resolved abundant known 
proteins migrating in areas away from the edges of the pH 
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Fig. 4. Correlation between protein levels as judged by 20- 
PAGE and transcript ratio. For comparison proteins were divided in 
three groups, unaltered in level or up- or down-regulated ifiorizontal 
axis). The mRNA ratio as determined by oligonucleotide arrays was 
plotted for each gene {vertical axis). mRNAs that were scored as 
present in both tumors used for the ratio calculation; A, mRNAs that 
were scored as absent in the invasive tumors (along horizontal axis) or 
as absent in non-invasive reference (fop of figure), two different 
scalings were used to exclude scaling as a confounder, TCCs 827 
and 532 (AA) were scaled with background suppression, and TCCs 
733 and 335 (#0) were scaled without suppression. Both compari- 
sons showed highly significant (p < 0.005) differences in mRNA ratios 
between the groups. Proteins shown were as follows: Group A (from 
left), phosphoglucomutase 1 , glutathione transferase class number 
4, fatty acid-binding protein homologue, cytokeratin 15, and cyto- 
keratin 13; B (from left), fatty acid-binding protein homologue, 28-kDa 
heat shock protein, cytokeratin 13, and calcyclin; C<from left), a-eno- 
lase, hnRNP B1, 28-kDa heat shock protein, 14-3-3-e, and 
pre-mRNA splicing factor; D, mesothelial keratin K7 (type II); E (from 
top), glutathione S-transf erase- it arid mesothelial keratin K7 (type II); 
F (from top and left), adenylyl cyclase-associated protein, E-cadherin, 
keratin 19, calgizzarin, phosphoglycerate mutase, annexin IV, cy- 
toskeletal 7-actin, hnRNP A1, integral membrane protein calnexin 
(IP90), hnRNP H, brain-lype clathrin light chain-a, hnRNP F, 70-kDa 
heat shock protein, heterogeneous nuclear ribonucleoprotein A/B, 
translationally controlled tumor protein, liver glyceraldehyde-3-phos- 
phate dehydrogenase, keratin 8, aldehyde reductase, and Na,K- 
ATPase ^-1 subunit; 6, (from top and /eft), TCP20, calgizzarin, 70- 
kDa heat shock protein, calnexin, hnRNP H, cytokeratin 15, ATP 
synthase, keratin 19, triosephosphate isomerase, hnRNP F f liver glyc-. 
eraIdehyde-3-phosphatase dehydrogenase, glutathione S-transfer- 
ase-7r, and keratin 8; H (from left), plasma gelsolin, autoantigen cal- 
reticulin, thioredoxin, and NAD + -dependent 15 hydroxyprostaglandin 
dehydrogenase; / (from fop), prolyl 4-hydroxylase j3-subunit, cyto- 
keratin 20, cytokeratin 17, prohibition, and fructose 1,6-biphos- 
phatase; J annexin II; K, annexin IV; L (from top and left), 90-kDa heat 
shock protein, prolyl 4-hydrpxylase 0-subunit, a-enolase, GRP 78, 
cyclophilin, and coftlin. 

gradient, and having a known chromosomal location, were 
selected for analysis in the TCC pair 827/532. Proteins were 
identified by a combination of methods (see "Experimental 
Procedures"). In general there was a highly significant corre- 
lation (p < 0.005) between mRNA and protein alterations (Fig. 
4). Only one gene showed disagreement between transcript 
alteration and protein alteration. Except for a group of cyto- 
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keratins encoded by genes oh chromosome 17 (Fig. 5) the 
analyzed proteins did not belong to a particular family. 26 well 
focused proteins whose genps had a know chromosomal 
location were detected in TCG's 733 and 335, and of these 19 
correlated (p < 0.005) with the mRNA changes detected using 
the arrays (Fig. 4>. For example, PA-FABP was highly ex- 
pressed in the non-invasive TCC 335 but lost in the invasive 
counterpart (TCC 733; see Fig. 5). The smaller number of 
proteins detected in both 733 and 335 was because of the 
smaller size of the biopsies that were available. 

11 chromosomal regions where CGH showed aberrations 
that corresponded to \he changes in transcript levels also 
showed corresponding changes in the protein level (Table II)-. 
These regions included genes that encode proteins that are 
found to be frequently altered in bladder cancer, namely 
cytokeratins 17 and 20, annexins II and IV, and the fatty 
acid-binding proteins PA-FABP and FBP1 . Four of these pro- 
teins were encoded by genes in chromosome 17q, a fre- 
quently amplified chromosomal area in invasive bladder 
cancers. | 

i .... 

DISCUSSION 

Most human cancers have abnormal DNA content, having 
lost some chromosomal parts and gained others. The present 
study provides some evidence as to the effect of these gains 
. and losses on gene expression in two pairs of non-invasive 
and invasive TCCs using high throughput expression arrays 
and proteorriics, in combination with CGH. In general, the 
results showed that there is a clear individual regulation of the 
mRNA expression of single genes, which in some cases was 
superimposed by a DNA copy number effect. In most cases, 
genes located in chromosomal areas with gains often exhib- 
ited increased mRNA expression, whereas areas showing 
losses showed either no change or a reduced mRNA expres- 
sion. The latter might be because of the fact that losses most 
often are restricted to loss of one allele, and the cut-off point 
for detection of expression alterations was a 2-fold change, 
thus being at the border of detection. In several cases, how- 

Table II 



Proteins whose expression level correlates with both mRNA and gene dose changes 


Protein 


Chromosomal location 


Tumor TCC 


CGH alteration 


Transcript alteration" 


Protein alteration 


Annexin II 


1q21 


733 


Gain 


Abs to Pres° 


Increase 


Annexin IV 


2p13 


733 


Gain 


3.9-Fold up 


increase 


Cytokeratin 17 


17q12rq21 


827 


Gain 


3.8-Fold up 


Increase 


Cytokeratin 20 


17q21.1 


827 


Gain 


5.6-Fold up 


Increase 


(PA-)FABP 


8q21.2 


827 


Loss 


1f>Folddown 


Decrease 


FBP1 


9q22 


: 827 


Gain 


2.3-Fold up 


Increase 


Plasma gelsolin 


9q31 


. 827 


Gain 


Abs to Pres 


Increase 


Heat shock protein 28 


15q12-q13 


827 


Loss 


2.5-Fold up 


Decrease 


Prohibitin 


17q21 


827/733 


Gain 


3.7-/2.5-Fold up* 


Increase 


Prolyl-4-hydroxyl 


17q25 


827/733 


Gain 


5.7-/1 .6-Fold up 


Increase 


hnRNPBI 


7p15 


827 


Loss 


2.5-Fold down 


Decrease 



a Abs, absent; Pres, present. 

6 In cases where the corresponding alterations were found in both TCCs 827 and 733 these are shown as 827/733. 




Fig. 5. Comparison of protein and transcript levels in invasive 
and non-invasive TCCs. The upper part of the figure shows a 2D gel 
i/eft) and the oligonucleotide array {right) of TCC 532. The red rectan- 
gles on the upper get highlight the areas that are compared below. 
Identical areas of 2D gels of TCCs 532 and 827 are shown below. 
Clearly, cytokeratins 13 and 15 are strongly down-regulated in TCC 
827 (red annotation). The tile on the array containing probes for 
cytokeratin 1 5 is enlarged below the array {red arrow) from TCC 532 
and is compared with TCC 827. The upper row of squares in each tile 
corresponds to perfect match probes; the lower row corresponds to 
mismatch probes contaihing a mutation (used for correction for un- 
specific binding). Absence of signal is depicted as black, and the 
higher the signal the lighter the color. A high transcript level was 
detected in TCC 532 {61 51 units) whereas a much lower level was 
detected in TCC 827 (absence of signals). For cytokeratin 13, a high 
transcript level was also present in TCC 532 (15659 units), and a 
much lower level was present in TCC 827 (623 units). The 2D gels at 
the bottom of the figure (fefl) show levels of PA-FABP and adipocyte- 
FABP in TCCs 335 and 733 (invasive), respectively. Both proteins are 
down-regulated in the invasive tumor. To the right we show the array 
tiles for the PA-FABP transcript. A medium transcript level was de- 
tected in the case of TCC 335 (1277 units) whereas very low levels 
were detected in TCC 733 (166 units). /£F, isoelectric focusing. 
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ever, an increase or decrease in DNA copy number was 
associated with de novo occurrence or complete loss of tran- 
script, respectively. Some of these transcripts could not be 
detected in the non-invasive tumor but were present at rela- 
tively high levels in areas with DNA amplifications in the inva- 
sive tumors (e.g. in TCC 733 transcript from cellular ligand of 
annexin II gene (chromosome 1q21) from absent to 2670 
arbitrary units; in TCC 827 transcript from small proline-rich 
protein 1 gene (chromosome 1q12-q21.1) from absent to 
1326 arbitrary units). It may be anticipated from these data 
that significant clustering of genes with an increased expres- 
sion to a certain chromosomal area indicates an increased 
likelihood of gain of chromosomal material in this area. 

Considering the many possible regulatory mechanisms act- 
ing at the level of transcription, it seems striking that the gene 
dose effects were so clearly detectable in gained areas. One 
hypothetical explanation may lie in the loss of controlled 
methylation in tumor cells (17-19). Thus, it may be possible 
that in chromosomes with increased DNA copy numbers two 
or more alleles could be demethylated simultaneously leading 
to a higher transcription level, whereas in chromosomes with 
losses the remaining allele could be partly methylated, turning 
off the process (20, 21). A recent report has documented a 
ploidy regulation of gene expression in yeast, but in this case all 
the genes were present in the same ratio (22), a situation that is 
not analogous to that of cancer cells, which show marked 
chromosomal aberrations, as well as gene dosage effects. 

Several CGH studies of bladder cancer have shown that 
some chromosomal aberrations are common at certain 
stages of disease progression, often occurring in more than 1 
of 3 tumors. In pTa tumors, these include 9p-, 9q-, 1q+, Y- 
(2, 6), and in pT1 tumors, 2q-,11p-, 11q^, 1q+, 5p+, 8q+, 
17q+, and 20q+ (2-4, 6, 7). The pta tumors studied here 
showed similar aberrations such as 9p- and 9q22-q33- and 
9q- and Y-, respectively. Likewise/the two minimal invasive 
pT1 tumors showed aberrations that are commonly seen at 
that stage, and TCC 827 had a remarkable resemblance to the 
commonly seen pattern of losses and gains, such as 1q22-24 
amplification (seen in both tumors), 11q14-q22 loss, the latter 
often linked to 17 q+ (both tumors), and 1q+ and 9p- t often 
linked to 20q+ and 11 q13+ (both tumors) (7-9). These ob- 
servations indicate that the pairs of tumors used in this study 
exhibit chromosomal changes observed in many tumors, and 
therefore the findings could be of general importance for 
bladder cancer. 

Considering that the mapping resolution of CGH is of about 
20 megabases it is only possible to get a crude picture of 
chromosomal instability using this technique. Occasionally, 
we observed reduced transcript levels close to or inside re- 
gions with increasedxopy numbers. Analysis of these regions 
by positioning heterozygous microsatellites as close as pos- 
sible to the locus showing reduced gene expression revealed 
loss of heterozygosity in several cases. It seems likely that 
multiple and different events occur along each chromosomal 



arm and that the use of cDNA microarrays for analysis of DNA 
copy number changes will reach a resolution that can resolve 
these changes,, as has recently been proposed (2). The outlier 
data were not more frequent at the boundaries of the CGH 
aberrations. At present we do hot know the mechanism be-' 
hind chromosomal aneuploldy and cannot predict whether 
chromosomal gains will be transcribed to a larger extent than 
the two native alleles. A mechanism as genetic Imprinting has 
an impact on the expression level in normal cells and is often 
reduced in tumors. However, the relation between imprinting 
and gain of chromosomal material is not known. 

We regard it as a strength of this investigation that we were 
able to compare invasive tumors to benign tumors rather than 
to normal urothelium, as the tumors studied were biologically 
very close and probably may represent successive steps in 
the progression of bladder cancer. Despite the limited amount 
of fresh tissue available it was possible to apply three different 
state of the art methods. The observed correlation between 
DNA copy number and mRNA expression is remarkable when 
one considers that different pieces of the tumor biopsies were 
used for the different sets of experiments. This indicate that 
bladder tumors are relatively homogenous, a notion recently 
supported by CGH and LOH data that showed a remarkable 
similarity even between tumors and distant metastasis (10, 23). 

In the few cases analyzed, mRNA and protein levels 
showed a striking correspondence although in some cases 
we found discrepancies that may be attributed to translational 
regulation, post-translationa) processing, protein degrada- 
tion, or a combination of these. Some transcripts belong to 
undertranslafed mRNA pools, which are associated with few 
translationally inactive ribosomes; these pools, however, 
seem to be rare (24). Protein degradation, for example, may , 
be very important in the case of polypeptides with a short 
half-life (e.g. signaling proteins). A poor correlation between 
mRNA and protein levels was found in liver cells as deter- 
mined by arrays and 2D-PAGE (25), and a moderate correla- 
tion was recently reported by Ideker et a/. (26) in yeast. 
(Interestingly, our study revealed a much better correlation 
between gained chromosomal areas and increased mRNA 
levels than between loss of chromosomal areas and reduced 
mRNA levels. In general, the level of CGH change determined 
the ability to detect a change in transcript) One possible 
explanation could be that by losing one allele the change in 
mRNA level is not so dramatic as compared with gain of 
material, which can be rather unlimited and may lead to a 
severalfold increase in gene copy number resulting in a much 
higher impact on transcript level. The latter would be much 
easier to detect on the expression arrays as the cut-off point 
was placed at a 2-fold level so as not to be biased by noise on 
the array. Construction of arrays with a better signal to noise 
ratio may in the future allow detection of lesser than 2-fold 
alterations in transcript levels, a feature that may facilitate the 
analysis of the effect of loss of chromosomal areas on tran- 
script levels. 
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In eleven cases we found a significant correlation between 
DNA copy number, mRNA expression, and protein level. Four 
of these proteins were encoded by genes located at a fre- 
quently amplified area in chromosome 17q. Whether DNA 
copy number is one of the mechanisms behind alteration of 
these eleven proteins is at present unknown and will have to 
be proved by other methods using a larger number of sam- 
ples. One factor making such studies complicated is the large 
extent of protein modification that occurs after translation, 
requiring immunoidentification and/or mass spectrometry to 
correctly identify the proteins in the gels. 

In conclusion, the results presented in this study exemplify 
the large body of knowledge that may be possible to gather in 
the future by combining state of the art techniques that follow 
the pathway from DNA to protein (26). Here, we used a tradi- 
tional chromosomal CGH method, but in the future high reso- 
lution CGH based on microarrays with many thousand radiation 
hybrid-mapped genes will increase the resolution and informa- 
tion derived from these types of experiments (2). Combined with 
expression arrays analyzing transcripts derived from genes with 
known locations, and 2D gel analysis to obtain information at 
the post-translational level, a clearer and more developed un- 
derstanding of the tumor genome will be forthcoming. 
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Genomic DNA copy number alterations are key genetic events in 
the development and progression of human cancers. Here we 
report a genome-wide microarray comparative genomic hybrid- 
ization (array CGH) analysis of DNA copy number variation in 
a series of primary human breast tumors. We have profiled DNA 
copy number alteration across 6,691 mapped human genes, in 44 
predominantly advanced, primary breast tumors and 10 breast 
cancer cell lines. While the overall patterns of DNA amplification 
and deletion corroborate previous cytogenetic studies, the high- 
resolution (gene-by-gene) mapping of amplicon boundaries and 
the quantitative analysis of amplicon shape provide significant 
improvement in the localization of candidate oncogenes. Parallel 
microarray measurements of mRNA levels reveal the remarkable 
degree to which variation in gene copy number contributes to 
variation in gene expression in tumor cells. Specifically, we find 
that 62% of highly amplified genes show moderately or highly 
elevated expression, that DNA copy number influences gene ex- 
pression across a wide range of DNA copy number alterations 
(deletion, low-, mid- and high-level amplification), that on ave rage, 
a 2-fold change in DNA copy number is associated with a corre- 
sponding 1 .5-fold change in mRNA levels, and that overall, at least 
12% of all the variation in gene expression among the breast 
tumors is directly attributable to underlying variation in gene copy 
number. These findings provide evidence that widespread DNA 
copy number alteration can lead directly to global deregulation of 
gene expression, which may contribute to the development or 
progression of cancer. 

Conventional cytogenetic techniques, including comparative 
genomic hybridization (CGH) <1), have led to the identifi- 
cation of a number of recurrent regions of DNA copy number 
alteration in breast cancer cell lines and tumors (2-4). While 
some of these regions contain known or candidate oncogenes 
[e.g., FGFR1 (8pll), MYC (8q24), CCND1 (llql3), ERBB2 
(17ql2), and ZNF217 (20ql3)j and tumor suppressor genes 
[RBI (13ql4) and TP53 (17pl3)], the relevant gene(s) within 
other regions (e.g., gain of lq, 8q22, and 17q22-24, and loss of 
8p) remain to be identified. A high-resolution genome-wide 
map, delineating the boundaries of DNA copy number alter- 
ations in tumors, should facilitate the localization and identifi- 
cation of oncogenes and tumor suppressor genes in breast 
cancer. In this study, we have created such a map, using 
array-based CGH (5-7) to profile DNA copy number alteration 
in a series of breast cancer cell lines and primary tumors. 

An unresolved question is the extent to which the widespread 
DNA copy number changes that we and others have identified 
in breast tumors alter expression of genes within involved 
regions. Because we had measured mRNA levels in parallel in 
the same samples (8), using the same DNA microarrays, we had 
an opportunity to explore on a genomic scale the relationship 
between DNA copy number changes and gene expression. From 

www.pnas.org/cgi/doI/ 1 0. 1 073/pnas. 162471 999 



this analysis, we have identified a significant impact of wide- 
spread DNA copy number alteration on the transcriptional 
programs of breast tumors. 

Materials and Methods 

Tumors and Cell Lines. Primary breast tumors were predominantly 
large (>3 cm), intennediate-gradej infiltrating ductal carcino- 
mas, with more than 50% being lymph node positive. The 
fraction of tumor cells within specimens averaged at least 50%. 
Details of individual tumors have been published (8, 9), and 
are summarized in Table 1, which is published as supporting 
information on the PNAS web site, www.pnas.org. Breast cancer 
cell lines were obtained from the American Type Culture 
Collection. Genomic DNA was isolated either using Qiagen 
genomic DNA columns, or by phenol/chloroform extraction 
followed by ethahol precipitation. 

DNA Labeling and Microarray Hybridizations. Genomic DNA label- 
ing and hybridizations were performed essentially as described 
in Pollack et ai (7), with slight modifications. Two micrograms 
of DNA was labeled in a total volume of 50 microliters and the 
volumes of all reagents were adjusted accordingly. "Test" DNA 
(from tumors and cell lines) was fluorescently labeled (Cy5) and 
hybridized to a human' cDNA microarray containing 6,691 
different mapped human genes (i.e., UniGene clusters). The 
"reference" (labeled with Cy3) for each hybridization was nor- 
mal female leukocyte DNA from a single donor. The fabrication 
of cDNA microarrays and the labeling and hybridization of 
mRNA samples have been described (8). 

Data Analysis and Map Positions. Hybridized arrays were scanned 
on a GenePix scanner (Axon Instruments, Foster City, CA), and 
fluorescence ratios (test/reference) calculated using scanalyze 
software (available at http://rana.Ibl.gov). Fluorescence ratios 
were normalized for each array by setting the average log 
fluorescence ratio for all array elements equal to 0. Measure- 
ments with fluorescence intensities more than 20% above back- 
ground were considered reliable. DNA copy number profiles 
that deviated significantly from background ratios measured in 
normal genomic DNA control hybridizations were interpreted as 
evidence of real DNA copy number alteration (see Estimating 
Significance of Altered Fluorescence Ratios in the supporting 
information). When indicated, DNA copy number profiles are 
displayed as a moving average (symmetric 5-nearest neighbors). 
Map positions for arrayed human cDNAs were assigned by 
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Fig. 1. Genome-wide measurement of DNAcopy number alteration by array CGH. (a) DNAcopy number profiles are illustrated for cell lines containing different 
numbers of X chromosomes, for breast cancer cell lines, and for breast tumors. Each row represents a different cell line or tumor, and each column represents 
one of 6,691 different mapped human genes present on the microarray, ordered by genome map position from Ipter through Xqter. Moving average (symmetric 
5-nearest neighbors) fluorescence ratios (test/reference) are depicted using a log 2 -based pseudocolor scale (indicated), such that red luminescence reflects 
fold-amplification, green luminescence reflects fold-deletion, and black indicates no change (gray indicates poorly measured data). (6) Enlarged view of DNA 
copy number profiles across the X chromosome, shown for cell lines containing different numbers of X chromosomes. 



identifying the starting position of the best and longest match of 
■ any DNA sequence represented in the corresponding UniGene 
cluster (10) against the "Golden Path" genome assembly 
(http://gen6me.ucsc.edu/; Oct 7, 2000 Freeze). For UniGene 
clusters represented by multiple arrayed elements, mean fluo- 
rescence ratios (for all elements representing the same UniGene 
cluster) are reported. For mRNA measurements, fluorescence 
ratios are "mean-centered" (i.e., reported relative to the mean 
ratio across the 44 tumor samples). The data set described here 
can be accessed in its entirety in the supporting information. 

Results 

We performed CGH on 44 predominantly locally advanced, 
primary breast tumors and 10 breast cancer cell lines, using 
cDNA microarrays containing 6,691 different mapped human 
genes (Fig. la; also see Materials and Methods for details of 
microarray hybridizations). To take full advantage of the im- 
proved spatial resolution of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs according to the "Golden 
Path" (http://genome.ucsc.edu/) genome assembly of the draft 
human genome sequences (11). In so doing, arrayed cDNAs not 
only themselves represent genes of potential interest (e.g., 
candidate oncogenes within amplicons), but also provide precise 
genetic landmarks for chromosomal regions of amplification and 



deletion. Parallel analysis of DNA from cell lines containing 
different numbers of X chromosomes (Fig. lb), as we did before 
(7), demonstrated the sensitivity of our method to detect singler 
copy loss (45, XO), and 1.5- (47,XXX), 2- (48,XXXX), or 
2.5-foid (49,XXXXX) gains (also see Fig. 5, which is published 
as supporting information on the PNAS web site). Fluorescence 
ratios were linearly proportional to copy number ratios, which 
were slightly underestimated, in agreement with previous ob- 
servations (7). Numerous DNA copy number alterations were 
evident in both the breast cancer cell lines and primary tumors 
(Fig. la), detected in the tumors despite the presence of euploid 
non-tumor cell types; the magnitudes of the observed changes 
were generally lower in the tumor samples. DNA copy-number 
alterations were found in every cancer cell line and tumor, arid 
on every human chromosome in at least one sample. Recurrent 
regions of DNA copy number gain and loss were readily iden- 
tifiable. For example, gains within lq, 8q, 17q, and 20q were 
observed in a high proportion of breast cancer cell lines/tumors 
(90%/69%, 100%/47%, 100%/60%, and 90%/44%, respective- 
ly), as were losses within lp, 3p, 8p, and 13q (80%/24%, 
80%/22%, 80%/22%, and 10%/U% 9 respectively), consistent 
with published cytogenetic studies (refe. 2-4; a complete listing 
of gains/losses is provided in Tables 2 and 3, which are published 
as supporting information on the PNAS web site). The total 
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Fig. 2. DNA copy number alteration across chromosome 8 by array CGH. (a) DNA copy number profiles are illustrated for cell lines containing different numbers 
of X chromosomes, for breast cancer cell lines, and for breast tumors. Breast cancer cell lines and tumors are separately ordered by hierarchical clustering to 
highlight recurrent copy number changes. The 241 genes present on the microarrays and mapping to chromosome 8 are ordered by position along the 
chromosome; Fluorescence ratios (test/reference) are depicted by a log 2 pseudocolor scale (indicated). Selected genes are indicated with color-coded text (red, 
increased; green, decreased; blade, no change; gray, not wejl measured) to reflect correspondingly altered mRNA levels (observed in the majority of the subset 
of samples displaying the DNA copy number change). The map positions for genes of interest that are not represented on the microarray are indicated in the 
row above those genes represented on the array, (6) Graphical display of DNA copy number profile for breast cancer cell line SKBR3. Fluorescence ratios 
(tumor/normal) are plotted on a log2 scale for chromosome 8 genes, ordered along the chromosome. 



number of genomic alterations (gains and losses) was found to 
be significantly higher in breast tumors that were high grade (P = 
0.008), consistent with published CGH data (3), estrogen recep- 
tor negative (P = 0.04), and harboring TP53 mutations (P = 
0.0006) (see Table 4, which is published as supporting informa- 
tion on the PNAS web site). 

The improved spatial resolution of our array CGH analysis is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 241 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification; 
each of these potentially harbors a different known or previously 
uncharacteiized oncogene (Fig. 2a). The complexity of amplicon 
structure is most easily appreciated in the breast cancer cell line 
SKBR3. Although a conventional CGH analysis of 8q in SKBR3 
identified only two distinct regions of amplification (12), we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. 2b). For each of these regions we can define the 



boundaries of the interval recurrently amplified in the tumors we 
examined; in each case, known or plausible candidate oncogenes 
can be identified (a description of these regions, as well as the 
recurrently amplified regions on chromosomes 17 and 20, can be 
found in Figs. 6 and 7, which are published as supporting 
information on the PNAS web site). 

For a subset of breast cancer cell lines and tumors (4 and 37, 
respectively), arid a subset of arrayed genes (6,095), mRNA 
levels were quantitatively measured in parallel by using cDNA 
microarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DNA copy number changes. For 
example, the highly amplified genes that are also highly ex- 
pressed are the strongest candidate oncogenes within an ampli- 
con. Perhaps more significantly, our parallel analysis of DNA 
copy number changes and mRNA levels provides us the oppor- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression in tumor cells. 

A strong influence of DNA copy number on gene expression 
is evident in an examination of the pseudocolor representations 
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Fig. 3. Concordance between DNA copy number and gene expression across chromosome 17. DNA copy number alteration (Uppei) and mRNA levels (Lower) 
are illustrated for breast cancer cell lines and tumors. Breast cancer cell lines and tumors are separately ordered by hierarchical clustering (Upper), and the 
identical sample order is maintained (Lower). The 354 genes present on the microarrays and mapping to chromosome 1 7, and for which both DNA copy number 
and mRNA levels were determined, are ordered by position along the chromosome; selected genes are indicated in color-coded text (see Fig. 2 legend). 
Fluorescence ratios (test/reference) are depicted by separate iog 2 pseudocolor scales (indicated). 



of DNA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overall patterns of gene amplification and 
elevated gene expression are quite concordant; i.e., a significant 
fraction of highly amplified genes appear to be correspondingly 
highly expressed. The concordance between high-level amplifi- 
cation and increased gene expression is not restricted to chro- 
mosome 17. Genome-wide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes), 62% (representing 54 different genes; see Table 5, which 
is published as supporting information on the PN AS web site) 
are found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2), and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean-centered fluorescence 
ratios >4). 

To determine the extent to which DNA deletion and lower- 
level amplification (in addition to high-level amplification) are 
also associated with corresponding alterations in mRNA levels, 
we performed three separate analyses on the complete data set 
(4 cell lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-level amplification (Fig. 4a). For both the 



breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five classes* in a 
statistically significant fashion (P values for pair-wise Student's 
/ tests comparing adjacent classes: cell lines, 4 X 10" 49 , 1 x 10~ 49 , 
5 X 10' 5 , 1 X 1(T 2 ; tumors, 1 x 10" 43 , 1 X 10" 214 , 5 X 10" 41 , 
1 X 10~ 4 ). A linear regression of the average Iog(DNA copy 
number), for each class, against average log(mRNA level) 
demonstrated that on average, a 2-fold change in DNA copy 
number was accompanied by 1.4- and 1.5-fold changes in mRNA 
level for the breast cancer cell lines and tumors, respectively (Fig. 
Aa $ regression line not shown). Second, we characterized the 
distribution of the 6,095 correlations between DNA copy num- 
ber and mRNA level, each across the 37 tumor samples (Fig. 4b). 
The distribution of correlations forms a normal-shaped curve, 
but with the peak markedly shifted in the positive direction from 
zero. This shift is statistically significant, as evidenced in a plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
gene expression. Notably, the highest correlations between DNA 
copy number and mRNA level (the right tail of the distribution 
in Fig. 46) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate the 
fraction of all variation measured in mRNA levels among the 37 
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fig. 4. Genome-wide influence of DNA copy number alterations on mRNA levels, (a) For breast cancer cell lines (gray) and tumor samples (black), both 
mean-centered mRNA fluorescence ratio (log 2 scale) quartiles (box plots indicate 25th, 50th f and 75th percentile) and averages (diamonds; V-value error bars 
indicate standard errors of the mean) are plotted for each of five classes of genes, representing DNA deletion (tumor/normal ratio < 0.8), no change (0.8-1.2), 
low- (1.2-2). medium- (2-4). and high-level (>4) amplification, lvalues for pair-wise Student's ttests, comparing averages between adjacent classes (moving 
leftto right), are4 x 10"« 1 x 10"«. 5 x 10" 5 , 1 x 10-*<cell lines), and 1 x 10"« 1 x 10- J14 ,5 x 10-", 1 x 10" 4 (tumors), (b) Distribution of correlations between 
DNA copy number and mRNA levels, for 6,095 different human genes across 37 breast tumor samples, (c) Plot of observed versus expected correlation coefficients. 
The expected values were obtained by randomization of the sample labels in the DNA copy number data set. The line of unity is indicated. (<fl Percent variance 
in gene expression (among tumors) directly explained by variation in gene copy number. Percent variance explained (black line) and fraction of data retained 
(gray line) are plotted for different fluorescence intensity/background (a rough surrogate for signal/noise) cutoff values. Fraction of data retained is relative 
to the 1.2 intensity/background cutoff. Details of the linear regression model used to estimate the fraction of variation in gene expression attributable to 
underlying DNA copy number alteration can be found in the supporting information (see Estimating the Fraction of Variation in Gene Expression Attributable 
to Underlying DNA Copy Number Alteration). 



tumors that could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
1% of all of the observed variation in mRNA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig Ad). We can reduce the effects of experimental 
measurement error on this estimate by using only that fraction 
of the data most reliably measured (fluorescence intensity/ 
background >3); using that data, our estimate of the percent 
variation in mRNA levels directly attributed to variation in gene 
copy number increases to 12% (Fjg. Ad). This still undoubtedly 
represents a significant underestimate, as the observed variation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor cells themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples. 

Discussion 

This genome-wide, array CGH analysis of DNA copy number 
alteration in a series of human breast tumors demonstrates the 
usefulness of defining amplicon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring amplicon shape, to 
assist in locating and identifying candidate oncogenes. By ana- 
lyzing mRNA levels in parallel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 



cell lines and tumors. Although the DNA microarrays used in our 
analysis may display a bias toward characterized and/or highly 
expressed genes, because we are examining such a large fraction 
of the genome (approximately 20% of all human genes), and 
because, as detailed above, we are likely underestimating the 
contribution of DNA copy number changes to altered gene 
expression, we believe our findings are likely to be generalizable 
(but would nevertheless still be remarkable if only applicable to 
this set of -6,100 genes). 

In budding yeast, aneuploidy has been shown to result in 
chromosome-wide gene expression biases (13). Two recent 
studies have begun to examine the global relationship between 
DNA copy number and gene expression in cancer cells. In 
agreement with pur findings, Phillips et al (14) have shown that 
with the acquisition of tumorigenicity in an immortalized pros- 
tate epithelial cell line, new chromosomal gains and losses 
resulted in a statistically significant respective increase and 
decrease in the average expression level of involved genes. In 
contrast, Platzer et al (15) recently reported that in metastatic 
colon tumors only —4% of genes within amplified regions were 
found more highly (>2-fold) expressed, when compared with 
normal colonic epithelium. This report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least 2-fold increased expression. These contrasting 
findings may reflect methodological differences between the 
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studies. For example, the study of PJatzer et al (15) may have 
systematically under-measured gene expression changes. In this 
regard it is remarkable that only 14 transcripts of many thousand 
residing within unamplified chromosomal regions were found to 
exhibit at least 4-fold altered expression in metastatic colon 
cancer. Additionally, their reliance on lower-resolution chromo- 
somal CGH may have resulted in poorly delimiting the bound- 
aries of high-complexity amplicons, effectively overcalling re- 
gions with amplification. Alternatively, the contrasting findings 
for amplified genes may represent real biological differences 
between breast and metastatic colon tumors; resolution of this 
issue will require further studies. 

Our finding that Widespread DNA copy number alteration has 
a large, pervasive and direct effect on global gene expression 
patterns in breast cancer has several important implications. 
First, this finding supports a high degree of copy number- 
dependent gene expression in tumors. Second, it suggests that 
most genes are not subject to specific autoregulation or dosage 
compensation. Third, this finding cautions that elevated expres- 
. sion of an amplified gene cannot alone be considered strong 
independent evidence of a candidate oncogene's role in tumor- 
igenesis. In our study, fully 62% of highly amplified genes 
demonstrated moderately or highly elevated expression. This 
highlights the importance of high-resolution mapping of ampli- 
con boundaries and shape [to identify the "driving" gene(s) 
within amplicons (16)], on a large number of samples, in addition 
to functional studies. Fourth, this finding suggests that analyzing 
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the genomic distribution of expressed genes, even within existing 
microarray gerie expression data sets, may permit the inference 
of DNA copy number aberration, particularly aneuploidy (where 
gene expression can be averaged across large chromosomal 
regions; see Fig. 3 and supporting information). Fifth, this 
finding implies that a substantial portion of the phenotypic 
uniqueness (and by extension, the heterogeneity in clinical 
behavior) among patients' tumors may be traceable to underly- 
ing variation in DNA copy number. Sixth, this finding supports 
a possible role for widespread DNA copy number alteration in 
tumorigenesis (17, 18), beyond the amplification of specific 
oncogenes and deletion of specific tumor suppressor genes. 
Widespread DNA copy number alteration, and the concomitant 
widespread imbalance in gene expression, might disrupt critical 
stochiometric relationships in cell metabolism and physiology 
(e.g., proteosbme, mitotic spindle), possibly promoting further 
chromosomal instability and directly contributing to tumor 
development or progression. Finally, our findings suggest the 
possibility of cancer therapies that exploit specific or global 
imbalances in gene expression in cancer. 
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